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1 Introduction 
The cost of wear and corrosion in the United States adds up to billions of dollars every year 
due to replacement of parts and required maintenance.1  Environments and applications are 
becoming increasingly aggressive and will only continue to do so.  This project focuses on 
the modification of FeMoB-based coatings using a novel surface heating technique, a high 
density infrared (HDI) emitter, which is more generally referred to as a plasma arc lamp.   
 
Thermally sprayed coatings are gaining increasing popularity due to their increased 
performance compared to surface treated steels, but there are still some disadvantages of 
thermally sprayed coatings.1,2  For instance, thermally sprayed coatings may need to be 
modified by methods such as laser, flame, and electron beam remelting in order to improve 
their properties.29-37  However, these methods lack consistency and are limited in size for 
coating applications desired in certain production settings.  Plasma arc lamps can cover an 
appreciably larger area than other methods and can provide consistent results.  It is also able 
to induce a large amount of heat over the area being treated in a short amount of time.37  This 
may result in shorter processing times and superior properties.   
 
In this project, thermally sprayed coatings will be modified using the plasma arc lamp with 
the aim of obtaining superior structures and performance over the as-sprayed coating.  The 
focus will then shift to a less costly deposition method using a slurry coating application.  All 
coatings will be deposited onto a plain carbon steel substrate.  Steel will be used due to its 
superior properties and low cost.  Due to the use of a steel substrate, corrosion protection is 
imperative to the part’s optimal performance. 
 
With the proposed coating materials and novel heating method to be used, it is the aim of this 
project to obtain coatings with increased wear and corrosion resistance.  The result will be 
parts that have improved performance in several applications.  By achieving superior 
performance, less coating material would be needed to perform the same operation or less 
time and money would be needed for replacing and repairing worn-out parts.          
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2 Literature Survey 
2.1 Basic Metallurgy of Steels 
2.1.1 Plain Carbon Steels 
Carbon steel is often used in industrial applications due to its low cost and superior properties 
such as high toughness and strength.  Steel is based on the metastable Fe-Fe3C phase 
diagram, a relevant section of which is shown in.  As indicated in this figure, pure Fe can 
exist as one of three different solid phases: δ-Fe (delta), γ-Fe (austenite), and α-Fe (ferrite).  
Both δ-Fe and α-Fe have the body centered cubic (BCC) crystal structure and γ-Fe has the 
face centered cubic (FCC) crystal structure.   
 
 
Figure 1. Fe-Fe3C Phase Diagram. 3 
Carbon resides in the octahedral interstitial sites of both the FCC and BCC iron structures.  
The size of the FCC octahedral interstitial site is larger than in the BCC lattice, however, 
both sites are smaller than a carbon atom.  The room temperature lattice parameter is 0.3571 
nm for FCC iron and 0.2866 nm for BCC iron.16  The radii of these interstitial sites are thus 
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0.0522 nm for FCC and 0.0361 nm for BCC; whereas the carbon atom has an atomic radius 
of 0.071 nm, which is much larger than these interstitial sites.16 
 
As a consequence, the addition of carbon into the interstitial sites causes a strain in the 
lattice.  The smaller size of the ferrite interstitial site causes for more strain with each 
additional carbon within the lattice than in the austenite lattice.  Due to this increase in strain, 
ferrite has a very limited solubility of carbon (~0.025wt%) while austenite has a much larger 
range of solubility of carbon and can dissolve up to 2.1wt% before the precipitation of a 
carbide, Fe3C, is more favorable (Figure 1).  The addition of carbon, and thus strain, within 
the lattice causes strengthening due to the creation of an anisotropic strain field which 
impedes the motion of dislocations.  The result is a strengthened material. Since the 
thermodynamically stable phase at lower temperatures holds an appreciably smaller amount 
of carbon than the higher temperature phase, certain thermal treatments can be used to obtain 
very interesting morphologies due to 
this difference in carbon solubility.   
 
Steel consists of less than 2.1wt%C.  
The commonly observed phases in steel 
are austenite, ferrite, and cementite 
(Fe3C).  Cementite has an 
orthorhombic crystal structure.  It is a 
line compound that is less 
thermodynamically stable than 
graphite, but for kinetics reasons, tends 
to form before the formation of 
graphite.   
 
Figure 2.  Time-Temperature-Transformation diagram 
for 1045 steel.16  A-Austenite, F-Ferrite, P-Pearlite, B-
Bainite, M-Martensite 
Upon cooling from the eutectoid invariant reaction (i.e., γ-Fe → α-Fe+Fe3C at 727oC), 
several different structures can form depending on the cooling rate and, in turn, temperature 
at which the parent γ-Fe transforms.  Figure 2 shows a time-temperature-transformation 
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(TTT) diagram for a 1045 plain carbon steel.  According to the AISI-SAE system of 
designation, a 1045 steel contains 0.45 wt.% carbon plus a maximum of 1 wt.% manganese.  
The eutectoid reaction produces a lamellar micro-constituent known as pearlite, which forms 
by a coupled growth mechanism between cementite and ferrite.  As the pearlite structure 
grows, excess Fe in the cementite diffuses to the ferrite, while at the same time C is supplied 
to the growing cementite from saturated ferrite phase.  At relatively large undercoolings 
below the eutectoid temperature, Te, the reaction to form pearlite is displaced by a γ-Fe → 
bainite transformation.  Bainite is a generic term for intermediate steel structures consisting 
of fine aggregates of α-Fe plates (of laths) and Fe3C particles.  In general, two forms of 
bainite are possible; upper and lower.  Upper bainite forms at higher temperatures and 
consists of bainite sheaves and precipitated Fe3C.  These sheaves accommodate the 
increasing strain in the lattice by forming new grains of ferrite.  As the areas of austenite 
around the ferrite grains begin to saturate with carbon, Fe3C begins to precipitate at the grain 
boundaries.  Lower bainite occurs both on the austenite grain boundaries and within the 
grains due to the high drive for nucleation.  These form thin laths due to the low temperature, 
which reduces diffusivity.           
 
At even greater undercoolings below Te, which is facilitated by a very high cooling rate (i.e., 
quenching), the rates of diffusion are insufficient for bainite formation to occur.  
Notwithstanding, the FCC γ-Fe is highly strained and unstable relative to BCC α-Fe.  What 
results is a diffusionless transformation of the γ-Fe to a highly strained body centered 
tetragonal (BCT) structure known as martensite (M in Figure 2).  The distortive nature of the 
γ-Fe → M transformation results in a high dislocation density, which confers a high hardness 
and brittleness.  Depending on the amount of carbon residing in the lattice, two different 
dislocation mechanisms are observed to accommodate the strain associated with the 
transition, slip or twinning.  In both cases, martensite resides on characteristic planes called 
habit planes.  In low-carbon steels (<0.5 wt.%C), deformation occurs primarily by slip and 
the martensite is formed on the {111} habit plane.  The morphology is known as a lath 
structure.  In medium-carbon steels (0.5-1.4 wt.%C), deformation is accommodated by 
twinning and the martensite forms on the {225} habit plane.  This morphology is known as 
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lenticular plates consisting of isolated plates with a possible mixture of laths.  In high-carbon 
steels (>1.4 wt.%C), very high levels of strain are accommodated by heavy twinning.  These 
martensite plates form on the {259} habit plane.   The wear resistance of a steel part can be 
greatly increased by inducing the martensitic transformation at the surface.  However, due to 
the brittleness of the martensite structure, a tempering step is often required for most 
applications to increase its ductility by allowing for a transformation to a less strained 
structure.   
2.1.2 Alloyed Steels 
Steel alloys are one of the most complex materials systems commonly used. Pure iron is not 
useful in most applications due to its lack of corrosion resistance and relatively poor strength.  
The addition of alloying elements and the use of different heat treatments provide an 
enormous variety of material properties suitable for several applications.  The coupling of 
wear and corrosion causes increased material loss over the additive effects alone.  Table 1 
describes several synergistic relationships between corrosion and wear mechanisms that 
further increase material loss.  The main focus of the current project is to provide coatings 
with increased wear and corrosion resistance.  These increases can be achieved by the use of 
alloying additions.  The following will discuss the alloying constituents used for these 
reasons and their effects of the material’s properties.    
 
Table 1.  Synergistic relationships between corrosion and wear mechanisms.1 
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When alloying steels, it may be desired to retain austenite through cooling, which can 
dissolve more interstitial atoms than the ferrite phase, as discussed previously.  The austenite 
phase can become more stable with alloying additions such as:  Mn, Ni, N, Co, Cu, and C.  
At the same time, the ferrite phase can be stabilized with the addition of Cr, Mo, V, W, Ti, 
Zn, Nb, Ta, and Si.  Boron retards the formation of ferrite and pearlite, allowing for the 
martensite transformation to occur in less severe quench rates.4        
2.1.2.1 Alloy Constituents for Corrosion Resistance 
The corrosion resistance of a wear-resistant alloy or coating can be very important to its wear 
performance.  Several corrosion-resistant materials rely on a thin oxide layer to form a 
passive layer to protect the surface from further corrosion.  In wear applications, however, 
this layer can be worn away exposing new surfaces to the corrosive environment.  The 
adherence of this oxide layer and its thickness can be very influential in the wear 
performance of the material.  If the layer thickness is too much or if the adherence of the 
oxide to the base material is too weak, the surface is easily exposed.   
 
Iron is the main constituent of this project; however, it is very anodic compared to most 
structural metals.  Most metals reside in the earth’s crust as an oxide as this is more stable 
thermodynamically than the elemental form of the metal.  Depending on the temperature and 
oxygen potential (i.e., ), iron oxide can be in the form of (FeO), magnetite (Fe3O4), or 
hematite (Fe2O3).   
2O
P
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In the case of iron “rusting” under atmospheric conditions, the following electrochemical 
reactions are relevant: 
anodic reaction 
Fe → Fe2+ + 2e- 
cathodic reaction 
21 O2 + H2O + 2e- → 2OH- 
Formation of ferrous hydroxide 
2OH- + Fe2+ → Fe(OH)2 
 
This ferrous hydroxide is unstable and eventually further oxidizes, typically forming the 
oxide Fe2O3·H2O, commonly known as rust.  This occurs in air, natural water and soils.  In 
the presence of acidic atmospheres, hydrogen is produced and Fe3O4 is the resulting product.6   
 
Unlike some other, more corrosion-resistant metals, a surface layer of Fe(OH)2 or Fe2O3·H2O 
does not provide much protection.  The oxide can easily be removed, leading to further 
attack.  Alloying of iron or steel can lead to the formation of a different, more adherent oxide, 
significantly decreasing corrosion rate and, hence, the loss of material.    
 
Chromium is most often added to 
steel to increase corrosion and 
oxidation resistance.  It is also a 
strong carbide former and 
chromium-iron carbides require 
sufficient heating time before 
quenching to dissolve in austenitic 
steel.  Chromium is also a ferrite 
stabilizer in the Cr-Fe system and 
leads to a closed gamma loop, as 
 
Figure 3.  Fe-Cr equilibrium phase diagram.3 
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shown in Figure 3. The maximum solubility of Cr in γ-Fe is about 12at.% at about 1000oC.  
The addition of carbon, an austenite stabilizer, expands the gamma loop, which leads to an 
increase in Cr-content in the austenitic steel.   
 
Chromium is added to iron to produce stainless steel.  A stainless steel consists of 12% Cr or 
more.6  The Cr is added to form a protective Cr2O3 layer on the steel surface.  The structure 
of this thin, protective, tenacious film depends on a number of variables and the exact nature 
of the film is a continuing subject of debate.  Austenitic stainless steels have a higher 
resistance to corrosion over ferritic and martensitic stainless steels, especially in nitric acid.5       
 
This passive layer can increase the corrosion resistance of the material but it can also lead to 
an increased risk of pitting in the localized absence or depletion of oxygen.  As the eventual 
breakdown of this passive layer occurs, the absence or starvation of oxygen prevents the 
repair of the layer.  The thin passive layer becomes cathodic as the anodic underlying 
material is exposed to the electrolyte.  The small area of the anode in contact with the larger 
area of the cathode intensifies the local corrosion.  The highly adherent oxide layer also 
prevents the attack from spreading across the surface of the material so attack is concentrated 
downward.  Pitting corrosion occurs especially in the presence of chlorides, such as marine 
environments.      
 
The presence of crevices can result in another localized form of degradation known as 
crevice corrosion, which has similarities to pitting corrosion.  The narrow passage of the 
crevice can lead to the creation of stagnant regions.  When oxygen diffusion in the crevice is 
restricted, a chemical potential gradient between the microenvironment of the crevice and the 
bulk material is formed.   The cathodic reduction reaction of the oxygen layer cannot be 
sustained in the oxygen-depleted area leading to an anodic reaction in the concentration cell.  
The stagnant conditions within the crevice are exacerbated in the presence of chlorine as a 
concentration of Cl- is created by the following reaction: 
 
Fe2+ + 2H2O + 2Cl- → Fe(OH)2 + 2HCl 
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As the concentration of H+ increases, the pH in the area decreases.  Acidification in the 
crevice further accelerates the corrosion process.    
 
Hazza and El-Dahshan8 studied the effects of Mo on the corrosion resistance of steel alloys 
and found that Mo can significantly improve corrosion resistance of stainless steels.  
Molybdenum additions in stainless steels, carbon steel, and iron were tested in three 
solutions:  saline water from the Arabian Gulf, 3.5% NaCl, and 7.0% NaCl.  Compositions of 
the alloys and the corresponding corrosion rates found after over 12 months in saline static 
solutions are summarized in Table 2.  After testing was complete, the samples not containing 
additions of Ni and Cr were found to have developed a thick, dull, grey layer on the surface 
and had experienced appreciable material loss.  The stainless steel samples had negligible 
corrosion and even still retained a shiny surface appearance.  The addition of Mo apparently 
increased the pitting resistance of the stainless steel.         
 
Table 2.  Corrosion rates of Mo-containing alloys.8 
Alloy Corrosion Rate, mm/y 
 Seawater 3.5% NaCl 7.0% NaCl 
Fe-17Cr-9.8Ni-1.89Mo-0.06C-0.003Si 0.0 0.0 0.0 
Fe-16.9Cr-10Ni-3.96Mo-0.05C-0.003Si 0.0 0.0 0.0 
Fe-16.8Cr-10.3Ni-5.93Mo-0.05C-0.003Si 0.0 0.0 0.0 
Fe-5Mo-0.03C-0.003Si 2.4118 2.5046 2.1801 
Fe-10Mo-0.03C-0.003Si 2.50465 2.2262 2.0026 
Fe-15Mo-0.03C-0.002Si 2.0441 2.2297 1.9938 
Fe-27Mo-0.03C-0.002Si 2.5339 2.3967 2.1877 
Fe-5Mo-0.29C-0.003Si 1.9957 2.5490 1.8146 
Fe-14Mo-0.3C-0.002Si 1.9838 2.5152 2.0885 
 
It has been shown that pitting resistance can be increased by the addition of Mo,8-10 however, 
the mechanism by which this is possible is still widely debated.  This increase has been 
attributed to mechanisms at both the pit initiation stage, as well as the stage in pitting known 
as metastable pit growth.9-11  Metastable pit growth is the stage at which the pit can 
spontaneously repassivate.  The reduction of pit initiation has been attributed to an 
improvement of bonds in the passive oxide film leading to greater difficulty in breaking it 
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down.8,11  The increase in metastable pit growth has been attributed to both a formation of a 
molybdates or Mo oxyhyroxides,10,11 and an increase in overpotential and a decrease in 
dissolution rate leading to an increase in pitting potential.9  The latter is dictated by a mass 
balance between the dissolution rate of the pit walls, and the diffusion and electromigration 
from the pit walls into the metal.9  If the diffusion and electromigration fall below a critical 
amount, the pit will repassivate and growth will discontinue.         
 
It should be noted that precipitation of Cr23C6 to the grain boundaries might cause problems 
with intergranular corrosion.  This is due to a depletion of Cr from the austenite matrix in the 
vicinity of the grain boundaries.  Fast cooling rates, however, can limit the formation of these 
carbides.  Nitrogen, however, can be dissolved without the risk of intergranular corrosion and 
is even more soluble in austenite than carbon.  
    
The Pitting Resistance Equivalency Number (PREN) is a way in which stainless steel alloys 
of different compositions can be compared with their relative resistance to localized 
corrosion.  Chromium, molybdenum and nitrogen are the key alloy additions that control 
pitting corrosion resistance.  The empirically arrived at PREN for austenitic stainless steels is 
given by:20  
% (3.3 % ) (16 % )PREN Cr Mo N= + × + ×  
Whereas for duplex stainless steel:20 
% (3.3 % ) (30 % )PREN Cr Mo N= + × + ×  
Nickel helps in increasing pitting resistance due to its ability to stabilize austenite in an 
austenitic stainless steel, which can hold an appreciable amount of nitrogen.20 The 
composition of the passive film does not appear to change with additions of Ni or Mo so it is 
postulated that these elements may help with adherence of the passive film.  
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2.1.2.2 Alloy Constituents for Wear Resistance 
When approaching wear coatings, it is often said that “harder is better.”  But as discussed by 
Gahr,18 wear resistance of a material cannot be correlated only with hardness.  Several other 
factors can play a role in the wear resistance of the material and the significance of these 
factors depends on the load applied.  These factors will be discussed in this chapter.     
 
When considering wear it is important to keep in mind that an increase in hardness may lead 
to a compromise of ductility.  The fracture toughness of a material, KIC, in this case also 
known as the critical stress intensity factor, is the material’s resistance to crack propagation 
under “mode I” loading conditions (i.e., purely tensile crack opening).  Making the material 
harder can compromise the fracture toughness of that material.  This can produce an 
undesired material since there is little resistance to crack propagation and the material will 
thus respond in a brittle manner under an applied load.   
 
The influences of wear debris and transferred layers can greatly influence the wear resistance 
of a coating.  Brittle materials and oxide layers can produce powdery wear debris during 
sliding contact.  The ratio of the debris hardness to the exposed surface area of the sample 
can cause accelerated wear as hard particles of wear debris slide across the softer exposed 
surface.  Thin oxide layers strongly attached to the substrate can greatly increase wear 
resistance.  However, growth of these oxide layers leads to a reduction in ductility leading to 
loose wear debris.  This loose wear debris can then accelerate wear.  The oxidation resistance 
discussed above can decrease the amount of oxide layer growth, which can cause accelerated 
wear.21,24      
 
Hard phases within a coating can greatly increase its wear resistance.  Borides and carbides 
are often used in wear applications.  Boron has a larger atomic radius than that of carbon 
(0.087 nm), which results in a lattice that is strained even more.  However, the solubility of 
boron is very limited.  Boron is a main alloying constituent for the formation of hard boride 
phases within the coatings under investigation.   
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According to Figure 4, two borides are possible within the Fe-B system: the orthorhombic 
FeB and the tetragonal Fe2B.  More borides are possible as alloy constituents are added, such 
as Mo, Cr, and Ni in the current 
project.  The borides that will 
be the focus of this project will 
be the FeB, M2B, and FeMo2B2, 
where M denotes a metal.  In 
this project, M will usually be 
Fe, Mo, or Fe+Mo.  These hard 
phases act as wear-resistant 
microconstituents usually 
within a tough matrix.  More on 
these hard phases will be 
discussed later in this chapter.       
 
Figure 4. Fe-B equilibrium phase diagram.3 
 
Chromium can be added to steel to increase hardenability, improve high temperature 
strength, or to improve abrasion resistance in high-carbon steels.  Again, chromium has a 
high affinity to form carbides and extended hold times are required before quenching to 
dissolve these carbides.   When nickel is added to chromium-containing steel it increases 
hardenability, impact strength, and fatigue resistance, which are all desirable properties in 
wear resistant coatings.   
2.2 Wear Resistant Coatings 
Wear resistant coatings are used for many different applications in many different areas.  The 
type of wear that may occur can lead to a very different required coating depending on the 
desired structure.  When dealing with wear resistant coatings it is important to keep in mind 
the various types of wear that may occur, as well as a combination of multiple mechanisms.  
By knowing the mechanism of wear present, the solution to mitigating wear can be 
addressed.  Wear can be divided into many different groups and subgroups depending on the 
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author.  Wulpi21 divides wear into abrasive wear, adhesive wear, fretting wear, and contact 
stress fatigue.    
 
Abrasive wear occurs by some kind of cutting of the surface and is the main mechanism of 
wear discussed in this project.  This occurs when hard particles roll or slide under pressure 
and cut the surface.  Wulpi21 also categorizes this group into subgroups of erosive, gouging, 
and grinding wear.  Erosive wear occurs when particles slide or roll over a surface at high 
velocities, taking off minute amounts with each pass but considerable amounts of material 
over time.  Gouging occurs at extremely high stresses, cutting large fragments from the 
surface.  Grinding wear occurs by particles at high stress cutting into the surface at relatively 
low velocities.21   
 
Adhesive wear can also be known as microwelding. This type of wear occurs when an 
asperity from one surface comes in contact with that of another, causing the two surfaces to 
instantaneously microweld due to the friction between the two.21  These welds are soon 
sheared and wear debris is produced.  This wear debris can then exacerbate wear.  This is not 
a primary concern in this project but it should be kept in mind that asperity might decrease 
wear resistance and should be avoided if possible.  Fretting, which is similar to adhesive 
wear, is not within the scope of this project and will not be discussed in detail.     
 
Another form of wear that can occur, which is much different from the types discussed 
previously, is contact stress fatigue.  This occurs due to the act of rolling and/or sliding of 
two surfaces that are in contact with each other, resulting in one or more of the surfaces to 
form cavities, or pits.21  This can cause stress concentrations and lead to failure.  There are 
several subgroups of this mechanism and most of them involve case hardening effects, which 
are not in the scope of this project.  However, this type of wear may be an issue if the surface 
is too hard to allow for deformation.  Deformation of the surface can increase the contact 
area, thus reducing the compressive stresses.  Without the adequate ductility, the stresses can 
be more concentrated and contact stress fatigue is more likely to occur.  By retaining the 
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adequate amount of the softer matrix phase to allow for some deformation of the surface, the 
life of the part can be significantly increased.      
 
There are very few instances in which only one wear mechanism is present and most 
applications include multiple mechanisms at once.  A complete understanding of the wear 
application should be known to adequately predict the wear behavior of a material.  This will 
also ensure that proper testing is used to evaluate the coatings being investigated.   
2.2.1 Microstructural Variables 
The wear performance of a coating, or any surface treatment, is very dependant on the 
microstructure of the material.  Wear resistant coatings are generally desired to be hard, 
however, as discussed before, this is not the only criterion to consider when determining the 
wear resistance of a surface.   
 
The thickness of the coating is a major concern in most coating applications.  It was 
discussed previously that increasing oxide-layer thickness could lead to spallation and 
delamination of the coatings.  This is due to the decrease in KIc as coating thickness increases 
due to the effects of plane strain conditions.   As studied by Crostack and Beller,24 thinner 
coatings develop a regular crack pattern at increasing loads while thicker coatings develop 
fewer cracks in an irregular pattern.  The formation of cracks leads to the reduction of stress 
throughout the entire coating.  Since the thicker coating formed only a few cracks, each crack 
had a higher stress concentration and failure occurred at lower cycles even at low applied 
loads.     
 
The presence of cracks and pores can significantly change the performance of the material 
and the effect is only exacerbated when little ductility is present. In the case of many thermal 
spray methods, which will be discussed in a later chapter, these features are unavoidable.  
Cracks and pores can lead to delamination and fracture of hard phases and can also influence 
wear significantly, as discussed by Hwang et al.26  In their investigation on the effects of 
microstructure on wear rates, it was shown that wear rate significantly increases due to 
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delamination and fracture of hard phases due to the presence of pores and cracks.  Wear rates 
were even higher as the hardness of these phases increased as the particles effectively 
became abrasives once separated from the surface.     
 
The presence of hard phases within a ductile matrix should be thought of as any other 
composite material. The multiple components within the composite have different, distinct 
properties, which affects the overall performance of the composite material.   Just like in any 
composite material, the different phase constitution, fraction, size, morphology, and 
distribution all play key roles in determining the overall material performance.  
 
The interfacial properties between the two phases can also influence the performance of the 
composite.  The interfacial properties between a hard phase and matrix are one of the most 
important factors in determining the wear resistance of these coatings.  The interfacial 
strength also influences the ability of the structure to transfer load.  If interfacial strength is 
too weak, the load cannot be transferred from the load-bearing hard phase to the matrix.  
Also, the deformation of the matrix cannot be transferred to the hard phase and pullout is 
more likely to occur.  As the structure wears in an abrasive environment, the particles 
preferentially remove the softer matrix phase.  As the matrix is worn away, the hard particles 
are more likely to pullout of the structure.  If the interfacial bond between hard particle and 
matrix is weak the hard particle will pullout after only small amounts of the matrix material 
have been removed.  Not only does this leave the structure without the load-bearing hard 
phases, but it also can increase wear rates with the increase in debris.18 
 
The properties of each of the constituent phases lead to the overall performance of the 
coating.  Optimization of all discussed factors for a certain wear application can lead to an 
appreciable increase in the material’s wear performance and should be considered in the 
design of the coating structure.      
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2.2.1.1 Phase Constitution 
In most wear applications it is desired to have a very hard coating.  However, as discussed 
before, hardness can come at the sacrifice of toughness.  Materials are often designed with a 
tough matrix and hard, wear resistant microconstituents.  This makes it possible to deform 
the material appreciably to impede crack propagation, while still providing the hardness 
required for wear resistance.   
  
Borides shall be the primary hard phase investigated in this project.  As discussed by Sen et 
al.23, FeB and Fe2B on the surface of a low alloy cold work tool steel, the substrate surface 
was found to have a Vickers hardness of 290 kg/mm2 while the borided surface had a 
hardness of 1854 kg/mm2.  This increase in hardness is significant in the wear resistance of a 
component. 
 
Ozdemir et al.27 grew Fe2B and a mixed phase of Fe2B and FeB onto a 99.97 wt% pure iron 
substrate using a pack boriding method to determine the properties of the boride.  It was 
found that the orthorhombic FeB was less desirable for wear applications because it is more 
brittle than the tetragonal Fe2B.  The hardness of the Fe2B grown on the iron substrate was 
measured to be between 1600 and 2000 HVN.  The substrate was measured between 130 
HVN.  Typical carburized or nitrided steel was measured to be between 600 and 900 HVN.  
A transition zone was found between the hard boride and iron substrate that had a hardness 
that was less than the boride layer and harder than the iron substrate.  This was due to solid 
solution of the Fe and B.  The coefficients of thermal expansion (CTE) of the two borides 
were found to be very different as well (αFeB = 23 × 10-6 and =BFe2α  7.85 × 10-6), which 
could cause cracking between the two phases during thermal cycling applications.   
 
In the current project, a matrix of austenite or ferrite is desired.  These phases allow for the 
ductility needed for deformation of the structure.  The combination of the tough matrix and 
the hard borides provides for a coating that performs very well in abrasive wear applications.     
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2.2.1.2 Phase Fraction 
The desired volume fraction of a hard phase is dependent on many things including:  
hardness of each phase, interfacial strength between the phases, size distribution of the hard 
phase, and desired properties of the coating.  Some applications and materials require up to 
95% hard phase.   
 
The current wear application is targeting 70 to 80% of hard boride phases within a BCC or 
FCC-rich matrix.  A phase fraction of 80% is the typical amount seen in wear resistant 
coatings and is usually used to balance the hardness and toughness desired in the coatings.     
2.2.1.3 Size Distribution 
Size distribution of the hard phase can also play a key role in the wear characteristics of a 
material.  As size of the hard phase decreases the probability of the phase to fracture also 
decreases.  The decrease in size also leads to a decrease in mean distance between hard 
phases at constant volume fractions, thus reducing the exposure of the matrix to the load.  
This increases the distribution of the load to the hard particles rather than the matrix.  
However, a reduction in size can also lead to a reduction in the amount of load each particle 
can support and plastic deformation of the matrix may be increased.17     
 
The size of the hard phase can also affect the likelihood of particle pullout.  As the matrix 
material is worn away from the edges of hard particles, the probability of pullout increases.  
Smaller particles are more likely to pullout since less material is required to be removed 
before the particle is removed.  However, larger particles can act as large stress 
concentrations within a brittle matrix.17   
 
As with the other factors affecting the wear resistance of a coating, size distribution requires 
a balance between particle fracture and particle pullout.  The intended wear application can 
dictate the necessary size of the hard particle.   
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2.2.2 Current Application Processes for Wear Resistant Surfaces 
2.2.2.1 Common Surface Hardening Techniques 
Wear resistance and hardness tend to go hand-in-hand and hardening of the surface, such as 
carburizing, nitriding and boriding, is still commonly used.  The following methods are 
commonly used due to their economic advantages and versatility.     
 
Most methods for increasing surface hardness in steels are done by the formation of 
martensite at the surface while retaining a soft interior.  In carburizing, the surface is exposed 
to a carbon-rich atmosphere and heated to the austenite region (Figure 1).  The gradient 
between the high carbon atmosphere and the lower carbon material causes diffusion to take 
place at the surface.  The temperature, time, and gradient determine the amount of carbon 
diffused in the surface and the depth at which this diffusion occurs.  After the treatment is 
complete the part is usually quenched in an oil, water, or polymer to obtain the martensite 
structure.  This quenching process can often lead to distortion due to the transformation to 
martensite.  Carburizing can obtain a surface hardness between 50-63 HRC.  Case depths can 
be somewhat difficult to control in some of the more economic methods and are between 50 
μm and 1.5 mm.22        
 
Nitriding is also a method commonly used to increase the surface hardness of a steel part.  In 
nitriding, the part is only heated to the ferrite region (Figure 1), typically between 500 to 
550oC, in a N-rich atmosphere to allow diffusion of N into the surface of the part.  No quench 
is needed in the nitriding process so dimensional control is excellent.  Typical case hardness 
is between 50 and 70 HRC and case depths are between 2.5 μm and 0.75 mm.22   
 
Boriding is used typically in tool steels for even higher hardness.  Boron has a very low 
solubility in austenite and even less in ferrite (Figure 4).  The process is based on the 
diffusion of boron into the iron lattice to create lattice strain or by forming borides at 
temperatures between 400 and 1150oC.  Case hardness can exceed 70 HRC.  Case depths are 
smaller than most other methods, between 12.5 and 50 μm.22       
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Induction and flame hardening are a similar process without a C-rich environment.  Both 
methods rely on an adequate amount of interstitial atoms present in the entire material.  In 
induction hardening an induction coil surrounds a workpiece in a specific orientation 
depending on the required heating pattern.  An alternating current is run through the coil.  
This current flow creates a magnetic field.  If the workpiece is electronically conductive, 
eddy currents are generated within the workpiece.  The resistance of the part to the induced 
current causes a small depth of the surface to become heated.  The part is then quenched in a 
medium to obtain the desired depth of martensite or the part is self-quenched by the rest of 
the cooled material.  In flame hardening, the surface is heated using a flame torch.  The 
surface is usually not quenched by an external medium and relies on a self-quench to form 
martensite.   
 
Figure 5.  Range of hardness levels for various materials and surface treatments.2 
 
Hardness ranges for several wear-resistant surface treatments are shown in Figure 5.  This 
figure shows that most surface hardening treatments only provide a limited hardness due to 
limited diffusion and hardenability of steel with certain alloying additions.  To obtain harder, 
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more wear resistant coatings, more advanced materials and application methods are needed 
to provide desired results.  The benefits obtained by more advanced materials and application 
methods can lead to a reduction in material loss due to increases in wear and corrosion 
resistance, however, the low costs associated with the previously discussed processes (Figure 
6) may prove satisfactory for certain applications.   
 
The results presented in Table 3 are from an ASTM G 65 dry-sand/rubber-wheel test for 
various wear-resistant surfaces.  The best quality tungsten carbide-cobalt coating is rated 
with a value of 100 and all others are rated relative to this.  The value is related to volume 
loss per revolution of the wheel under constant conditions for each of the coatings tested.  A 
dry pin-on-plate test was also used to 
evaluate the wear experienced by 
different surface treatments and 
coatings using a polished, hardened 
steel pin on the treated surface with a 
load of 10N/m2.2   The corresponding 
adhesive wear rates are shown in 
Table 4.  These results were obtained 
by a pin-on-disk test.  Carburized 
surfaces produce improved wear 
resistance compared to an untreated 
surface.  Borided surfaces, however, 
provide even better wear resistance.  
This resistance can be further 
improved by the use of hard coatings.       
 
Figure 6.  Relative costs of surface treatment.2 
 
Coating thickness can also be a very important variable.  It is inevitable that wear- and 
corrosion-resistant coatings will lose material in service.  Thicker coatings may extend the 
service life of a part.  Some coating techniques are limited in the thickness of the coating 
possible.  Figure 7 shows the approximate ranges of coating thicknesses obtained by several 
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surface treatments.  Although thicker coatings may provide extended service lives, they may 
be more likely to crack and spall off the substrate.  This limitation should be considered 
when designing a coating to avoid unexpected coating failure.  
    
Table 3.  Low-stress abrasive wear rankings for 
various materials.2  
Table 4.  Adhesive wear rates of various 
materials.2 
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Figure 7.  Approximate thickness of various surface engineering treatments.2 
2.2.2.2 Coating Application Techniques 
Surface modification by means of carburizing, nitriding and boriding is an economical way 
to obtain acceptable wear-resistant surfaces.  However, increasingly demanding conditions 
have given rise to functionally graded materials (FGM), which are composite materials with 
a compositional gradient through its thickness from one component to the other.  This is 
being used more in the design of wear resistant coatings to achieve the maximum properties 
from each of the components.  Functionally graded materials can be obtained by several 
methods, but are commonly applied using thermal spray methods.   
 
Thermal spray is a method that can be used to build-up coatings in which a fine dispersion of 
droplets are melted, or softened, and accelerated toward a substrate.  Droplet velocity can be 
in the range of 50 to an excess of 1000 m/s.14  These droplets strike the surface and form 
what are called “splats”, forming a lamellar structure.  This high kinetic energy imparted to 
the droplets causes consolidation by a combination of several methods including diffusion, 
recrystallization, deformation, and liquid flow.  The droplets also experience localized 
solidification, which causes very high solidification rates, exceeding 106 K/s for some 
metals.14  This results in very fine grains with sizes typically between 0.1 and 10 µm and 
even amorphous structures.14  These high solidification rates can also lead to the presence of 
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metastable phases, which in turn can lead to characteristics differing from those expected for 
the coating, particularly corrosion performance.   
 
Several thermal spray techniques have been developed to improve coating application 
processes. These processes are usually classified into three main groups:  combustion, wire 
arc or wire spray, and plasma.  These processes can be easily automated and can produce 
coatings of unique material combinations.  It can be used to consolidate virtually any 
material that has a stable liquid phase.    
 
Thermal spray coatings are typically not as hard as coatings that have been sintered or 
pressed (e.g., see Figure 5).  This is due to oxides and voids present within the coatings.  
These voids are a result of several things including shadowing effects, unmelted particles, 
and shrinkage during solidification.  However, wear rates are lower than with several other 
surface treatments, as shown in Tables 3 and 4.  This porosity, however, may cause crack 
initiation sites and may also ease crack propagation since less of the coating material is 
connected making them more susceptible to material loss in wear applications.  Exposed 
splat boundaries may also influence corrosion due to the introduction of crevices. Higher 
particle velocities can achieve lower porosity levels.  Typical particle velocities can be found 
in Table 5.  Also, remelting techniques can significantly reduce the levels of porosity in these 
thermal-sprayed coatings.37  This will be discussed in more detail later in the chapter.          
 
To test the bond strength of the coatings, ASTM C 633 (Standard Test Method for Adhesion 
or Cohesive Strength of Flame-Spray Coatings) was used.  This standard tests the coating in 
tension, perpendicular to the surface by coating a cylindrical sample with the desired coating 
and bonding it with a mating cylinder, usually by epoxy.  This test is limited by the strength 
of the epoxy, which is typically 69 MPa.  Therefore, if the strength of the coating exceeds the 
strength of the epoxy, the test is not an actual measure of bond strength and thus simply a 
proof test.13 
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Relative costs of various surface treatments are summarized in Figure 6.  Thermal spray 
methods are typically very costly compared to other methods.  This is partly due to yield 
losses.  A large fraction of the material is not actually deposited on the part and cannot be 
recovered, which leads to higher processing costs.  However, the superior properties 
produced with thermal spray methods may overrule these high processing costs.  There are 
also other costs that should be considered that were not included in the analysis shown in 
Figure 6.  These include, but are not limited to the following factors: fixturing, final 
finishing, material costs, energy costs, labor costs, and time required for a given treatment.2     
 
Several thermal spray coating-deposition processes have been developed.  A comparison of a 
few of the process parameters are shown in Tables 5 and 6.  A few methods will be discussed 
in more detail below, including flame spray, high velocity oxygen fuel (HVOF) spray, 
plasma transferred arc welding, and plasma spray.   
 
Table 5.  Comparison of typical thermal spray processes.13 
Process Materials 
Feed 
material 
Substrate 
Temperature (oC) 
Particle 
Velocity (m/s) 
Powder flame spray Metallic, ceramic, and 
fusible coatings 
Powder 105-160 65-130 
Wire flame spray Metallic coatings Wire 95-135 230-295 
Ceramic rod spray Ceramic and cermet 
coatings 
Rod 95-135 260-360 
Two-wire electric-arc Metallic coatings Wire 50-120 240 
Nontransferred arc 
plasma 
Metallic, cermet, plastics 
and compounds 
Powder 95-120 240-560 
High-velocity oxyfuel Metallic, cermet, some 
ceramics 
Powder 95-150 100-550 
Transferred arc plasma Metallic fusible coatings Powder Fuse base metal 490 
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Table 6.  Comparison of thermal spray methods.2 
 
Combustion Spray 
Combustion spray is a thermal spray method using a mixture of a fuel (typically acetylene) 
and air or oxygen.  This mixture heats and accelerates a powder into hot, expanding gas jets.  
There are two subcategories within the combustion spray method, one in which the 
combustion occurs within the spray gun and the other in which the combustion happens 
outside the gun.   
 
The former, high velocity oxygen fuel (HVOF), uses higher pressures (up to ~1.5MPa) and 
gas flow rates to create supersonic jet exit velocities.14  This method typically has the highest 
particle velocities, however, its lower gas jet temperatures limit its use.  A schematic view of 
a HVOF spray gun is shown in Figure 8.   
 
The external combustion method, flame spray, utilizes lower pressures (70 to 140 kPa)14 and 
has the lowest particle velocities of all thermal spray techniques.  A schematic view of a 
flame-spray gun is shown in Figure 9.   
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Figure 8.  Schematic representation of HVOF 
spray gun. 14 
 
Figure 9.  Schematic representation of flame-spray 
gun.14 
 
Higher particle velocities typically 
produce denser coatings.  This is due 
to both the splat-to-splat cohesion and 
the coating-to-substrate adhesion.  
Since HVOF can produce higher 
particle velocities, some HVOF 
coatings have been measured with 
porosity levels less than 2%.  Bond 
strengths are also exceeding 69 MPa.  
Flame-spray coatings tend to have 
porosities exceeding 15%.13  A typical 
flame-sprayed coating is shown in Figure 10. 
 
Figure 10.  NiCrBSi flame-sprayed coating.28 
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Wire Arc Spray 
Wire arc spray is different from the other two thermal spray methods in that it does not use 
powders to provide the coating material.  Instead, it uses two electrically conducting 
feedstock wires that are fed into the atomizing gas.  A direct current (dc) arc melts the tips of 
the wires as they are fed through the gun, which limits this process to only electrically 
conductive feed materials.  The molten material is 
then atomized by a high velocity gas jet (typically 
air nitrogen, or argon), and then accelerates the 
droplets toward the substrate.  Particle velocities 
are between flame spray and HVOF particle 
velocities.  Deposition rates of up to 55 kg/h can 
be achieved with some Ni-based alloys.13  A 
schematic view of a wire arc spray gun is shown in 
Figure 11.   
Figure 11.  Schematic representation of 
wire arc spray gun.14 
 
Bond strengths exceeding 69 MPa are expected with wire arc spray.13  Operating costs are 
typically less than most of the other thermal spray methods and the absence of expensive an 
cover gases in some cases, such as argon, can lower operating costs more.     
 
The melt rate and the interelectrode voltage can control microstructure of the final sprayed 
part by further controlling the arc gap distance and the size distribution of the droplets.14  
This method is very useful when working with thermally sensitive substrates.  This is 
because the atomizing jets use cool gas so the substrates experience lower temperatures than 
in the other thermal spray methods.   
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Plasma Spray 
Plasma spray uses a nontransferred dc electric arc to heat gas (Ar, H2, He, or N2) to 
temperatures which can exceed 25,000 K.  This produces ionized plasma jets between 3,000 
and 15,000 K, which dissociates and ionizes the plasma gases.  As the confined arc discharge 
continues to add energy into the gas, an equilibrium mixture of ions and electrons is created.  
The plasma gas jet then exits into the atmosphere through the nozzle at either subsonic or 
supersonic velocities.  These velocities can exceed 1500 m/s and is dependent upon the flow 
rate, nozzle design, power input and the composition of the gas used.14   
 
Powders are then added either internally or 
externally just as the gas exits the nozzle.  
The former of the two allows for longer 
dwell times, thus allowing higher melting 
materials to be used.  A schematic view of 
a plasma spray gun is shown in Figure 12.  
It also depicts the positions of the powder 
injection for either the external or internal 
powder feed.    
 
Figure 12.  Schematic representation of a plasma 
spray gun.14 
 
The ASM handbook describes three main types of plasma spray gun that are available.  
These are:  air plasma spray (APS), vacuum plasma spray (VPS) or low-pressure plasma 
spray (LPPS), and controlled atmosphere plasma spray (CAPS).14  The type of spray used 
determines the amount of interaction the material has before it solidifies on the surface of the 
substrate.  This can greatly influence the microstructure of the coating by the formation of 
oxides.  Oxidation-sensitive and reactive materials are often produced using plasma spray 
since it can be operated under inert gas environments.  Very low levels of porosity and oxide 
inclusions can be obtained using VPS in an inert, closed pressure vessel.   
 
Standoff distances are very important because distances too small will not allow for particles 
to completely melt, whereas distances too large can leave too much time for particles to 
decelerate and cool before meeting the substrate.  Due to the high particle velocities, porosity 
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levels are typically between 5 and 15%.13  Coatings thicknesses are typically between 0.05 
and 0.50 mm but can be thicker for certain applications.  Bond strengths vary from less than 
34 MPa to greater than 69 MPa depending on the standoff distance.  Deposition rates of 300 
to 550 m/s can also be achieved using plasma spray.13      
2.2.2.3 Surface Remelting Techniques 
It has been shown that remelting of a thermal sprayed coating can improve wear resistance in 
several ways.  Remelting of the surface allows for the possibility of a more uniform structure, 
more even dispersion of the hard phases, a refinement of the hard phases, a difference in 
hardness of the matrix, a better bond between the substrate and coating, complete melting of 
unmelted particles from thermal spray, and a more dense structure with the decrease of voids 
and pores.28,32,33  As shown by Liang et al.,33 the wear mechanism can even be changed, 
which can be ideal in a wear-resistant coating.  In that study, it was found that the wear 
mechanism was mainly due to peeling of the splats before laser remelting was performed.  
After laser remelting, the main wear mechanism was due to cutting effects leading to 
increased wear resistance.   
 
Several studies have found that wear resistance in dry sliding tests typically increases after 
remelting processes on thermally sprayed coatings.28-30,31-32,34  However, Mateos et al.31 
reported better wear resistance in lubricated wear testing for untreated samples.  The WC-Co 
plasma sprayed coatings were wear tested by a block-on-ring test in dry and lubricated 
conditions.  The coatings were tested both before and after CO2-laser remelting.  In all dry 
tests conducted the remelted coating performed better than the as-sprayed coating.  However, 
in lubricated tests it was found that the untreated coatings performed better than those that 
were remelted. This was attributed to porosity within the coating that could entrap lubricant 
thus improving the effectiveness of the lubricant.       
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Even though dry sliding wear tests on remelted thermally sprayed coatings have shown 
increased wear resistance, hardness of the 
coatings have been shown to decrease.  
Gonzalez et al.29 compared hardness 
traverses of flame sprayed coatings in the as 
sprayed, flame remelted, and laser remelted 
states.  The results showed that hardness 
decreased in the remelted zones (Figure 13).  
This is due to several possibilities including:  
secondary particles being dissolved and 
refinement of the structure.  Wear resistance 
increases, however, due to homogenization 
of the structure, redistribution of hard 
particles, and particle and interface adhesion.    
Figure 13.  Microhardness variation of the 
NiCrBSi coatings as a function of distance from 
the surface.29 
 
Singh et al.28 attempted consolidation and modification of thermally sprayed coatings in two 
different ways before attempting laser remelting.  These methods included heat treatment and 
hot isostatic pressing (HIPing).  The heat treatment was not adequate at homogenizing the 
microstructure due to second-phase precipitates within the structure.  These second-phase 
precipitates acted as grain boundary anchors and prohibited the migration of the boundaries.  
Also, the second phase did not dissolve during the heat treatment.  Heat treatments can also 
be dangerous to substrates since they are typically coated with the intent to retain the 
properties of the substrate.  Hot isostatic pressing at 930oC and 2.21 × 105 Pa of pressure also 
did not consolidate or refine the coatings to the extent that can be achieved by remelting the 
coating.  The resulting coating was found to have a minimal reduction in void volume 
fraction and grain-boundary precipitates.      
 
Although remelting techniques are beneficial in many aspects for the enhancement of thermal 
sprayed coatings, there can be some disadvantages in remelting the surface.  Since hard 
phases, such as WC, can be denser than the liquid metal, these particles can sink to the 
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bottom of the melt when the matrix is melted.  This leads to a surface that is softer than the 
lower layers of the coating.33  Although the coating may perform better than the as-sprayed 
coatings, its properties will only be as good as a coating with no added hard phase at the 
surface.33     
 
Flame Remelting 
Flame remelting is typically done using an oxyacetylene flame to melt the surface of 
thermally sprayed coatings.  The process is the most economical and versatile of all of the 
remelting processes, which is why it is the method used most commonly.  The oxyacetylene 
flame is directed at the surface until the melting temperature of the coating is reached.  There 
is no precise control mechanism for industrial applications, which makes reproducible and 
satisfactory results difficult to achieve.  The coating structure is therefore very dependent on 
the operator.   
 
Figure 14 is the same NiCrBSi shown 
in Figure 10, but after flame remelting.  
The incomplete melting of the coating 
is also evident in Figure 13 as the 
hardness suddenly increases to that of 
the original coating midway through 
its thickness.  Limited control of the 
flame remelting process can result in 
incomplete fusing of the coating.  The 
same coating was melted using a laser 
with much more desirable results, as 
will be shown later in this chapter.   
Figure 14.  Incomplete fusion from flame remelted flame 
sprayed NiCrBSi coating.28 
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Laser Remelting 
Laser remelting is more controllable and produces more repeatable results than flame 
remelting.  Figure 15 shows the flame sprayed NiCrBSi coating shown in Figure 10 after 
laser remelting.  Compared with the flame remelted coating shown in Figure 14, the laser 
remelted structure showed complete coating melting and sufficient bonding with the 
substrate.  Figure 13 indicates that sufficient bonding was obtained since the hardness 
gradually decreases to the hardness of the substrate due to diffusion of the substrate material 
into the coating material.      
 
However, fairly precise parameters, such as velocity and power, must be determined to 
obtain optimal results.  Velocities that are too fast can result in incomplete melting of the 
coating and no enhancement of interface bonding.  Velocities that are too fast can result in 
gaseous voids.  This can also result in recrystallization of the substrate and high temperature 
phases present that were not predicted which can be undesirable.  Another concern is that 
laser remelting has a limited melt depth that should be determined before thermal spray 
processes are performed.  If the coating is too thick, insufficient melting will occur or the 
surface may become too hot and gas formation may occur at the coating surface, reducing the 
performance of the top layer for the coating.          
 
Although this is a fairly controllable 
method, the power density is not 
uniform over the diameter of the 
beam.  The beam power can fluctuate 
depending on the internal dimensions 
of the laser, the excitation system 
used, optical characteristics, and the 
active medium of the laser.28  This can 
result in inconsistent results without 
proper considerations.  When 
changing intensity settings, new parameters must be determined.    
 
Figure 15.  Laser remelted NiCrBSi flame sprayed 
coating.28 
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Electron Beam Remelting 
Electron beam remelting uses a high-energy electron beam accelerator to input energy into 
the coating to modify the morphology and phases of a coated layer.  This method is more 
controllable than flame remelting, but like laser remelting, intensity and velocity scan 
changes can alter coating results considerably.  Utu et al.37 showed how these parameters can 
change the microstructure of the coating and depth of melting.  Figure 16 shows that the 
depth of effected depth increases with intensity, I.  The homogeneity also increases as the 
intensity increases.  Figure 17 shows that as the velocity increases the homogeneity decreases 
but the structure becomes finer.  This is due to faster cooling rates experienced with less heat 
penetration from the faster passes.  The structure was also found to have less porosity as 
scanning velocity increased allowing for more time for gases to escape to the surface.   
 
A planar surface is often desired for certain coating applications.  The morphology of the 
surface can also be varied by the processing parameters, as shown by Hamatani and 
Miyazaki.36  An investigation on the effects of processing parameters was conducted on 
electron beam remelted HVOF coatings.  The coating under investigation was a Ni-12.4Cr-
2.5Fe-4.5Si-3B-0.6C alloy.  The intensity and sample velocity were variables which created 
different morphologies in the final structure.  It was found that when higher input powers are 
used to obtain sufficient fusion at higher velocities, surface tension can begin to play a role in 
the surface morphology.  This can lead to surfaces that are uneven and was attributed to a 
large thermal gradient in the coating and substrate material and the effect of surface tension 
lead to the uneven surface.  Lower frequency passes resulted in a low temperature gradient in 
the molten metal thus producing relatively flat surfaces.    
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An advantage of electron beam remelting over laser beam remelting is the oscillation method 
used.  Laser remelting uses a mirror to oscillate the beam by mechanical means.  This limits 
the maximum speed at which the beam can oscillate across the sample.  Electron beam 
remelting uses only electron-magnetic force to steer the beam.  This results in oscillations 
speeds that can be much greater if desired.  A disadvantage of electron beam remelting is that 
it can only be used with conductive samples, making this method less versatile than both 
flame and laser remelting methods. 
 
Figure 16.  MCrAlY HVOF coating melted by electron beam at (a) I=12.5 mA; (b) I=17.5 mA.36 
 
 
Figure 17.  MCrAlY HVOF coating melted by electron beam at (a) v=4.2 mm/s; (b) v=17.2 mm/s.36 
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2.3 Plasma Arc lamp  
A high density infrared (HDI) emitter, also known as a plasma arc lamp, will be the main 
instrument used for this study.  Plasma arc lamp technology is a novel surface heating 
technique that has the potential to be more effective than other surface heating techniques 
used to modify coatings.  A 300,000W lamp, located at Oak Ridge National Laboratory in 
Oak Ridge, TN, is capable of producing an energy density of 3.5kW/cm2, which can reach 
temperatures over 3000oC.  This lamp has an affected area of 10cm × 3.175cm with heating 
rates exceeding 1000oC/sec.38  This provides significant advantages to other surface 
remelting techniques such as laser remelting as it is possible to remelt very large areas in a 
shorter time.  The plasma arc lamp is a very powerful instrument, which is proving useful in 
several applications, such as the diffusion of alloying additions, the application of coating 
material, and the modification of thermal sprayed coatings.    
 
This project will be working with an arc lamp located in Mossville, IL at a Caterpillar Inc. 
facility.  This lamp has the capability of producing a power density of 1.6kW/cm2 over a 
20cm × 2.54cm area, based on calculations provided by Mattson Technology Inc. (the 
manufacturer of the arc lamp).   
 
Figure 18.  Schematic representation of an arc lamp assembly.39 
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The arc lamp works by creating 
plasma between an anode and 
cathode surrounded by an argon gas 
and deionized water shield, which is 
contained in a quartz tube, Figure 18.  
The color temperature of the plasma 
has been measured at an excess of 
10,000K40 and produces a radiant 
spectrum between 0.2 and 1.4μm, 
Figure 19.  This spectrum is absorbed 
by metal surfaces much more 
efficiently than the 10.6μm 
wavelength of a CO2 laser.42  The 
spectrum is also independent of power setting and lamp-life.42  This is advantageous over 
many other methods in which spectrums may change with time and settings, which could 
possibly change the absorption of the energy by the material’s surface. 
 
Figure 19. Spectra produced by arc lamp.39 
 
 
a.  Line Reflector    b.  Uniform Reflector 
 
Figure 20.   Commonly used arc lamp reflectors.39 
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 A highly polished, water-cooled reflector is used to concentrate the radiant energy provided 
by the plasma arc.  Two types of reflectors are commonly used:  a line reflector and a 
uniform reflector.  These are shown schematically in Figure 20 with a plot of the beam 
irradiance as a function of distance from the lamp axis.  The line reflector has three 
interchangeable configurations, which can 
produce widths of 10, 20, and 35cm.  The 
lamp used at Caterpillar is equipped with a 
line reflector and produces a heat flux 
distribution similar to that shown in Figure 
21.  The measurements of this heat flux 
distribution are shown in Figure 22.  The 
power is very concentrated at the center of 
the lamp but loses some power density 
further from the arc lamp axis.     
 
 
Figure 22.  Heat flux distribution within the sample. 
Figure 21.  Schematic view of heat flux distribution 
within the sample. 
 
The arc lamp at Caterpillar has been coupled with a robot to achieve more accurate 
processing of the surface.  The robot can be programmed to very tight tolerances to optimize 
the arc lamp parameters.  This marriage between the robot and the arc lamp can provide very 
precise parameters and control.   
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The process can also be carried out in controlled environments.  The sample can be placed in 
a box equipped with a quartz plate.  The quartz plate allows for the energy to be transmitted 
while sealing the atmosphere.  The samples can be processed in vacuum, nitrogen, or air, and 
can be adapted for most gas environments.     
 
One of the greatest advantages of the arc lamp is the extremely low processing times required 
for the application of coatings.  This short time with high energy density allows for a large 
thermal gradient throughout the coating.  This tends to result in good coating bonding while 
having little affect on the substrate.  Since most desired wear-resistant coatings would require 
heating well above 1000oC for metallurgical bonding, and temperatures like this would erase 
any prior heat treatment of a steel substrate, most application processes fall short of 
providing a component with the desired properties of both coating and substrate.  The arc 
lamp can provide a process that can provide sufficient heating at the surface, while 
maintaining lower temperatures in the substrate of the component.  This makes functionally 
graded materials (FGM) possible.      
 
The lamp is also very advantageous in the aspect of conserving energy.  A 55% efficiency of 
converting electrical energy to radiant energy along with short processing times (seconds as 
opposed to hours or days with conventional treatments) make this an ideal candidate for 
conserving energy during surface treatments.2  These improvements in efficiency can 
drastically decrease the amount of energy required for the surface treatment of components. 
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2.4 Project Aims 
The aim of this project is to develop wear and corrosion resistant coatings using novel arc 
lamp processing.  Several existing processes are available for obtaining dual wear and 
corrosion resistant coating, including several thermal spray and thermal processing methods, 
but most fall short of providing the optimum coating or deposition route.  Thermal spray 
coatings do not have the desired homogeneity and adherence to the surface; whereas thermal 
modification of these coatings, such as by laser remelting, provides a more adequate coating 
but the affected area is too small for high production applications.    
 
This project aims to: 
• Create a wear and corrosion resistant coating using Fe-Mo-B-based coatings 
deposited onto a plain carbon steel substrate to obtain an increase in wear resistance 
of five times that of hardened steel and an increase in corrosion resistance to that of 
plasma sprayed material.  
• Characterize the coatings and compare to equilibrium predictions for different alloy 
compositions validating reliability of software’s predictions to coating structures after 
equilibrium, plasma spraying, and arc lamp modification. 
• Use information gained by characterization of the coatings and compare to wear 
results obtained through laboratory to determine the optimal structure for wear and 
corrosion resistance.  
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3 Experimental Procedures  
3.1 Coating Material 
The fundamental scope of this project has been to use model compositions to achieve desired 
hard phase fractions and phase compositions for an increase in wear and corrosion resistance.  
The alloys were initially developed by Caterpillar Inc. with guidance provided by the 
thermodynamic equilibrium predictions made by QuesTek, in Evanston, IL.  The 
compositions of the alloys investigated in this project and their identifications are 
summarized in Table 7.  The measured and predicted phase constitution of each alloy in 
Table 7 will be presented in the Experimental Results section of Chapter 4.  
 
All alloys were made into powders.  Alloys SAQ1 and SAQ4 were produced by gas 
atomization by Alloy Powder Corporation in Cincinnati, OH.  The remaining alloys were 
produced at Caterpillar by mixing separate powders of ferromolybdenum, ferroboron, 
chromium, nickel, and molybdenum in a ball mill for two hours.  The mixed powders were 
then sintered in approximately 30 millitorr of vacuum at 900-1000oC for 2 hours.  The alloys 
were then broken apart by a hammer and then further crushed by a laboratory-scale jaw 
crusher (produced by Speor Inc.) to reduce the size of the particles to -5mm.  A laboratory-
scale pulverizer (produced by Holmes Inc.) was used to further reduce the size of the 
particles to -45 μm.  The powder was then sieved for six minutes before it could be used for 
the plasma spray process.  Three size ranges were produced:  +106, -106+45, and -45 μm.  
Since only powders in the -106+45 μm range were used for plasma spraying, the +106 μm 
particles were pulverized again to obtain maximum yield.  After five to ten times of 
pulverizing and sieving, yields in the -106+45 μm range were around 20-30% of the starting 
1-3 kg of starting material.  
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Table 7.  Nominal alloy compositions investigated in this project. 
Current Labels SA6 SA7 SA8 SA9 SAQ1 SAQ4 
Fe wt% (at%) 37.0 (33.3) 50.0 (40.2)56.0 (41.2) 37.0 (33.7) 37 (36.0) 39.8 (35.7)
Mo 37.0 (19.4) 22.0 (10.3) 14.0 (6.0) 37.0 (19.6) 56.6 (32.0) 43.0 (22.4)
B 6.0 (27.9) 8.0 (33.3) 10.0 (38.0) 6.0 (28.2) 6.0 (32.0) 6.9 (32.0) 
Cr 20.0 (19.3) 10.0 (8.6) 10.0 (7.9) 10.0 (9.8) - 10.3 (9.9) 
Ni - 10.0 (7.6) 10.0 (7.0) 10.0 (8.7) - - 
3.2 Substrate Material 
A 1018 cold-rolled steel 1” × 1” bar substrate was the 
standard substrate material used in the current 
investigation.  The measured composition of this material 
is summarized in Table 8.   
3.3 Plasma Spray Application  
Plasma spray coating depositions for this project were 
conducted at Caterpillar Inc.  Powders used were kept in 
the -106+45 μm range.  A transverse rate of 19mm/s at a 
standoff distance of 110mm was used for 100 passes.  The 
voltage and current settings used were approximately 62V 
and 525A, respectively.  The actual current during spraying was measured to be 548A.    
Table 8.  Measured composition of 
1018 steel substrate used in 
project, wt%.* 
Component Composition, 
wt% 
Fe Balance 
C 0.16-0.17 
Mn 0.77-0.85 
P 0.007-0.024 
S 0.013-0.027 
Si 0.21-0.28 
Cu 0.16-0.26 
Cr 0.06-0.13 
Ni 0.06-0.17 
*Compositions not listed have 
concentrations less than 0.02wt% 
3.4 Equilibrated Cast Alloys 
Cast alloys of the powders of alloys SA6, SA8, and SA9 were equilibrated to confirm 
QuesTek predictions made for 1000oC.  Specifically, the equilibrium treatment was 4 weeks 
at 1000oC in an evacuated tube to eliminate any surface oxidation as prescribed by J. 
Sebright (personal communication, April, 2007).  The samples were quenched in water at the 
completion of heat treatment to freeze-in the equilibrated, high-temperature structure. 
3.5 Arc Lamp Treatment 
Arc lamp treatments were used to either modify the plasma sprayed coatings or to bond and 
densify the slurry-based coatings to the substrate surface.  In most treatments a low power 
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preheat was used prior to a higher power pulse.  The preheat step required sufficient time 
(i.e., about 120 seconds) to allow heat transfer into the substrate material before the pulse 
was applied.  If insufficient heat was transferred to the substrate the coating would typically 
pull away from the edges of the substrate and become consolidated in the center of the 
sample.   
 
Plasma sprayed coatings were modified using the arc 
lamp to improve certain properties.  Identification of 
the arc lamp power and time combinations used for 
the SA6, SA8, and SA9 coatings are summarized in 
Table 9.  These samples were preheated prior to the 
arc lamp pulse listed in Table 9 for 120 seconds at 150A.  After preliminary investigation of 
these time-power combinations, it was determined that the following treatments would be 
pursued further:  SA6-5, SA6-6, SA8-5, SA8-6, SA9-4 and SA9-6.   
Table 9.  Arc lamp parameters for 
alloys SA6, SA8, and SA9. 
 1 second 2 seconds 
1000A SAx-5 SAx-6 
800A SAx-3 SAx-4 
600A SAx-1 SAx-2 
 
Coatings SAQ1 and SAQ4 were not preheated prior to an arc lamp pulse.  These coatings 
were treated at 1000A for 2, 4, and 6 seconds, which corresponds to postscript designations   
-7, -8, or -9, respectively.  After preliminary investigation, it was determined that only 
coatings SAQ1-8, SAQ1-9, and SAQ4-8 would be further investigated.   
 
The slurry coatings were treated in a nitrogen-rich environment.  This was critical for the 
slurry coatings due to the increased amount of surface area exposed to air during processing 
of the powder coating.  The nitrogen-rich environment was unnecessary for the plasma 
sprayed coatings since only the top surface of the sample was exposed to air; however, the 
surface of the coating could be improved by the use of a nitrogen-rich environment by 
reducing the formation of oxides on the top surface.  The final arc lamp parameters used in 
the slurry coating application process were:  preheat at 300A for 60 sec and pulse at 1000A 
for 2 sec.    
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All samples were held stationary within the desired atmosphere while the lamp was allowed 
to move.  Scanning parameters and multiple pass treatments are possibilities of the lamp 
setup but were out of the scope of the current project.    
3.6 Thermal Characterization Techniques 
A Mikron 7604 Pro IR thermal imaging camera and MiKroSpec 3.0 thermal imaging 
software were utilized in the thermal characterization of the coatings.  The thermal imaging 
camera was used to obtain a real-time temperature video during the arc lamp treatment.  The 
software was then used in the evaluation of the results to obtain temperature profiles and 
heating rates.   
3.7 Characterization Techniques 
3.7.1 Microstructural Analysis 
Microstructural analysis was conducted using optical microscopy and scanning electron 
microscopy (SEM).  Identification of phase chemistry was obtained by electron probe 
microanalysis (EPMA) due to the presence of boron in the coating material, which cannot be 
detected by electron dispersive spectroscopy (EDS).  Standardization of EPMA analysis was 
conducted with an accelerating voltage of 10kV and a beam current of 25nA.  Standard 
materials for Fe, Mo, Ni, and Cr consisted of pure elements of purity greater than 99.9%.  A 
boron standard with purity greater than 99.6% was also used.  
 
X-ray diffraction (XRD) was used to obtain phase identification at increasing depths of the 
coating and was also used in the analysis of the powder forms of some of the coating 
materials.  A Siemens D 500 diffractometer with a Cu X-ray tube was operated at 45kV and 
28mA to obtain the diffraction patterns. 
 
Hardness profiles were obtained through the thickness of the coatings.  A load of 100g was 
used and the Vickers scale was chosen to measure the hardness values in order to compare 
with values typically found within the literature.   
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Area phase fraction analysis was conducted using ImageJ software and back-scattered 
electron (BSE) images.  Fifteen areas at ×5000 magnification were used to determine the 
average phase fraction.  For coated samples the areas were taken from both edges and the 
middle of the coating cross-section.     
3.7.2 Wear Resistance 
Wear resistance of selected coatings was measured by the pin-on-drum (POD) abrasion test.  
Tests were conducted by the National Energy Technology Laboratory-Albany (NETL), in 
Albany, OR.  The test was to evaluate the performance of the coatings exposed to typical 
environments experienced by high wear components on Caterpillar equipment.  
 
 
Figure 23.  Typical pin-on-drum 
abrasion testing apparatus. 
The pin-on-drum abrasion tests were completed using a 150 
grit (~100µm) garnet (a nesosilicate) abrasive.   A sample 
size of 0.25” diameter and 0.5-1.0” long (6.35mm × 2-3cm) 
was used.  A force of 66.7N and a speed of 2.7m/min were 
used for a distance of 12.8m.  The drum and pin both 
rotated throughout the test creating multi-directional 
conditions.  A typical pin-on-drum testing apparatus is 
shown in Figure 23.  
3.7.3 Corrosion Resistance 
Salt spray (fog) testing was conducted on plasma sprayed, arc lamp modified, and slurry 
coated samples in accordance with ASTM B 117-07 at a Caterpillar facility in Mossville, IL.  
The sides of the samples were sealed using microseal, an acetone based polymer produced by 
Microseal.  It is commonly used as an impregnant for sealing castings and leaking joints.  It 
was used in this study to mask the edges of the coated samples in order to avoid any 
misleading edge effects.  As an extra precaution, waterproof tape was also applied to the 
sides of the coated samples in the event that the microseal did not cover the entire edge 
surface.   
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4 Arc Lamp Modified Plasma Sprayed Coatings 
Plasma spray coatings show promising characteristics as a useful surface coating technique.  
However, a disadvantage of such coatings is lack of full density, which can limit 
performance and the degree of protection they can provide.  As discussed in Chapter 2.2.2.3, 
modification of plasma spray coatings by a surface heating technique has the very real 
potential to eliminate these disadvantages by resulting in a full densification.  The current 
study utilized a plasma arc lamp for the modification of plasma sprayed coatings.  These 
coatings were then tested in accelerated wear and corrosive environments to evaluate the 
effects of the arc lamp modification.   
4.1 Experimental Results 
4.1.1 Equilibrated Coatings  
 
Figure 24.  SEM image of equilibrated SA6 alloy with 
labeled phases.   
 
The equilibrated cast alloy SA6 was predicted to consist of three different phases at the 
equilibrated temperature:  Fe-BCC, FeMo2B2, and the Fe-Cr σ-phase.  The equilibrated 
microstructure of SA6 is presented with labeled phases in Figure 24.  Three different areas 
were confirmed by EPMA.  Table 10 provides a summary of the phase compositions and 
phase proportions of predicted phases and corresponding compositions determined by 
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EPMA.  Referring to Figure 24, it was deduced on the basis of composition that area 1 was a 
fine mixture of Fe + σ, area 2 
FeMo2B2, and area 3 was Cr2B.  
This latter phase was not 
predicted.  Figure 25 presents 
the XRD results for the 
equilibrated SA6 alloy.  The 
presence of Cr2B was 
confirmed by XRD, although 
all Cr2B peaks were overlapped 
by other peaks.   
0
200
400
600
800
1000
1200
20 30 40 50 60 70 80 90 100
Two Theta
CP
S
FeMo2B2
Sigma
Cr2B
Fe-BCC
? ?
v
?
Figure 25.  XRD results of equilibrated SA6 alloy with labeled 
phases.   *Cr2B present in XRD, however, most peaks overlap. 
 
 
Figure 26.  SEM image of equilibrated SA8 alloy with labeled 
phases.   
 
The microstructure of equilibrated cast alloy SA8 is presented in Figure 26 with phases 
labeled.  Three phases were predicted by QuesTek and EPMA confirmed the three phases 
present in the equilibrated alloy.  Slight contrast between the FeB and M2B phases creates 
difficulty in distinguishing them apart.  M2B, area 2, has a slightly darker tone than FeB, area 
1.  Area 3 was confirmed to be FeMo2B2.  Table 11 provides a summary of the phase 
compositions and phase proportions of the predicted phases and those determined by EPMA. 
The three predicted phases were also confirmed by XRD, Figure 27.  
47 
 
0
100
200
300
400
500
600
700
800
900
1000
20 30 40 50 60 70 80 90 100
Two Theta
CP
S
FeMo2B2
Fe2B
FeB
?
 
Figure 27. XRD results of equilibrated SA8 alloy with labeled 
phases.   
 
 
Figure 28. SEM image of equilibrated SA9 alloy with labeled 
phases. 
 
 
Equilibrated alloy SA9 was predicted to consist of only two phases, Fe-FCC and FeMo2B2.  
Figure 28 presents the equilibrated microstructure with three labeled areas.  Table 12 
provides a summary of the phase compositions and proportions predicted by QuesTek and 
confirmed by EPMA.  Area 3 in Figure 28 is a fine mixture of Fe-rich matrix and FeMo2B2.  
Areas 1 and 2 were confirmed to be the Fe-FCC matrix and FeMo2B2, respectively.  X-ray 
diffraction also confirmed the presence of the two phases; Figure 29. 
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Figure 29. XRD results of equilibrated SA9 alloy with labeled 
phases. 
 
 
 
 
 
 
4.1.2 Plasma Sprayed Coatings 
.  Similar structures were found in all 
plasma sprayed alloys investigated in
The microstructure of a typical plasma sprayed coating is shown in Figure 30.  The lamellar 
structure caused by a build-up of “splats”, typical of thermally sprayed coatings, is observed.  
The porous and inhomogeneous structure and lack of bonding between the substrate and the 
coating are also typical of thermally sprayed coatings
 this project.       
 
a.                                                                                                  b. 
Figure 30.  SA9-0, plasma sprayed coating at a.) 100x and b.) 1000x. 
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Figure 31 presents the XRD results for 
a plasma sprayed coating of SA9 
composition.  The results indicate a 
semi-crystalline structure.  This 
amorphous structure is due to the 
rapid solidification of the powder 
particles during the plasma spray 
process.  Plasma sprayed results were 
similar in each of the coatings 
observed.   
XRD of SA9 As-Sprayed Coating
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Figure 31.  XRD results of SA9-0, plasma sprayed 
coating. 
 
Electron probe microanalysis and XRD did not indicate the presence of specific phases.  Due 
to this, phase identification for as-sprayed coatings was not conducted.   
4.1.3 Arc Lamp Modified Coatings 
4.1.3.1 Structural Analysis 
Microstructural Analysis 
Arc lamp modified plasma sprayed coatings are shown in Figures 32 and 33 for alloy SA6; 
Figures 35 and 36 for alloy SA8; and Figures 38 and 39 for alloy SA9.  Labeled phases were 
determined by EPMA and the results are summarized in Tables 10 through 12 along with 
corresponding QuesTek predictions and equilibrated results.     
 
Phase identification was confirmed by XRD.  The results are presented in Figures 34, 37, and 
40 for coatings SA6, SA8, and SA9, respectively.  X-ray diffraction measurements were 
taken at different levels of the coating starting with level 1 at the top surface and increasing 
by increments of approximately 150-200μm.  This was done to ensure that no additional 
phases had formed and that phase fraction did not change significantly throughout the 
thickness of the coating.  Results concluded that there was no discernable change through the 
thickness of the coating.    
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Arc lamp modification provided refinement and homogenization of the plasma sprayed 
coating structure.  It also created a diffused transition zone between the coating and the 
substrate.  The voids within in the structure were also spheroidized.  These modifications 
were obtained in all arc lamp modified coatings and were anticipated to increase wear and 
corrosion resistance of the plasma sprayed coatings.   
 
Arc lamp modified SA6 and SA9 coatings are very similar.  Label 4 in Figure 32 was 
determined to be a primary boride phase and can be found in both SA6 and SA9 structures.  
The increased pulse power or time of the arc lamp pulse resulted in a coarser boride and will 
be discussed later in this chapter.  A dense layer at the surface of coating SA6-6 is indicated 
in Figure 33a.  It is postulated that the voids were allowed to exhaust out of the surface of the 
coating.  This will also be discussed in greater depth later in this chapter.  Arc lamp modified 
SA8 differed from the other modified coatings due to only local liquification occurring 
throughout the structure.  This structure appears more similar to the plasma sprayed coating 
than the other arc lamp modified structures.  Unlike coatings SA6 and SA9, longer pulse time 
resulted in a finer structure due to the increased liquification experienced.     
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a.                                                                                          b. 
Figure 32.  Arc lamp modified coating SA6-5. a.) 100x b.) 1000x 
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a.                                                                                          b. 
Figure 33.  Arc lamp modified coating SA6-6. a.) 100x b.) 1000x 
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Figure 34.  XRD layer comparison for coatings SA6-5 and SA6-6. 
52 
 
    
a.                                                                                          b. 
Figure 35.  Arc lamp modified coating SA8-5. a.) 100x b.) 1000x 
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a.                                                                                          b. 
Figure 36.  Arc lamp modified coating SA8-6. a.) 100x b.) 1000x 
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Figure 37.  XRD layer comparison for coatings SA8-5 and SA8-6. 
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a.                                                                                          b. 
Figure 38.  Arc lamp modified coating SA9-4. a.) 100x b.) 1000x 
2
1
 
    
a.                                                                                          b. 
Figure 39.  Arc lamp modified coating SA9-6. a.) 100x b.) 1000x 
2
1
 
 
Figure 40.  XRD layer comparison for coatings SA9-4 and SA9-6. 
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a. 
 
b. 
Figure 41.  SEM images of coating SAQ1-8.  a.) 100x b.) 1000x 
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a. 
 
b. 
Figure 42.  SEM images of coating SAQ1-9.  a.) 100x b.) 1000x 
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a. 
 
b. 
Figure 43.  SEM images of coating SAQ4-8.  a.) 100x b.) 1000x 
2 
1 
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Coatings SAQ1-8, SAQ1-9 and SAQ4-8 are shown in Figures 41, 42, and 43, respectively.  
Confirmed phase identifications are shown in Table 13.  An additional phase, labeled phase 
3, was detected by EPMA and is believed to be a fine mixture of Fe-matrix and an Fe-Mo 
intermetallic.  Some of the borides in SAQ4-8 remained in their original positions from the 
sprayed powder as indicated by their spherical clustering in Figure 43.   
 
Compositional Analysis 
Tables 10, 11, and 12 present a summary of the results provided by EPMA and SEM analysis 
for alloys SA6, SA8 and SA9, respectively.  Predictions provided by QuesTek are compared 
with measured results for the equilibrated alloys and arc lamp modified coatings.  In most 
cases, equilibrated and arc lamp modified coatings showed agreement with the predicted 
phase proportions and phase compositions.  Coatings SAQ1 and Q4 desired a structure of 
80% FeMo2B2 and 20% austenite.  QuesTek predictions of phase compositions were 
unavailable for these alloys.      
Table 10.  Phase compositions of alloy SA6.  
Phase Compositions at% 
 Phase 
proportions
Fe Mo B Cr 
Predicted Phase Compositions by QuesTek 
BCC ~ 31% 63.8 2.0 - 34.1 
σ ~ 9% 57.9 4.6 - 37.5 
FeMo2B2 ~ 60% 20.0 30.3 40.0 9.7 
Equilibrated Alloy Measured by EPMA 
1-Fe (+σ) ≈ 35% 75.1 2.4 - 15.6 
2-FeMo2B2 ≈ 60% 22.5 29.9 44.2 22.4 
3-Cr2B ≈ 5% 17.2 1.3 30.9 15.6 
Arc Lamp Modified Coating SA6-5 
1-Fe + σ ≈ 17% 64.2 16.1 1.0 18.5 
2-FeMo2B2+Fe ≈ 74% 26.3 19.6 37.0 16.9 
3-FeMo2B2 ≈ 8% 12.8 31.4 44.3 11.5 
Arc Lamp Modified Coating SA6-6 
1-Fe + σ ≈ 24% 59.2 8.3 0.8 31.2 
2-FeMo2B2+Fe ≈ 40% 32.5 18.9 35.4 13.2 
3-FeMo2B2 ≈ 35% 11.9 30.5 43.5 14.1 
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Table 11.  Phase compositions for alloy SA8. 
Phase Compositions at% 
 Phase  
proportions 
Fe Mo B Cr Ni 
Predicted Phase Compositions by QuesTek 
FeB ~ 5% 37.5 - 50.0 12.5 - 
M2B ~ 79% 48.3 2.7 33.3 6.5 9.2 
FeMo2B2 ~ 16% 20.0 26.9 40.0 13.0 - 
Equilibrated Alloy Measured by EPMA 
1-FeB ≈ 76% (FeB +Fe2B) 43.8 4.8 39.0 6.9 5.5 
2-M2B - 53.5 0.3 31.1 6.5 8.9 
3-FeMo2B2 ≈ 24% 17.3 28.8 44.4 7.1 2.4 
Arc Lamp Modified Coating SA8-5 
1-FeB ≈ 18% 26.1 3.5 47.2 21.1 2.1 
2-M2B ≈ 40% 47.2 2.0 32.6 7.0 11.2 
3-FeMo2B2 ≈ 42% 25.7 22.5 40.9 7.7 3.2 
Arc Lamp Modified Coating SA8-6 
1-FeB - 23.6 3.7 48.9 22.6 1.3 
FeB + M2B ≈ 53% - - - - - 
2-M2B - 56.7 1.3 31.5 8.0 2.5 
FeMo2B2 + M2B ≈ 30% - - - - - 
3-FeMo2B2 ≈ 14% 20.8 25.8 41.9 7.2 4.3  
 
Table 12.  Phase compositions of alloy SA9. 
Phase Compositions at% 
 Phase 
proportions
Fe Mo B Cr Ni 
Predicted Phase Compositions by QuesTek 
FCC ~ 45% 59.4 2.8 - 17.8 20.0 
FeMo2B2 ~ 55% 20.0 35.9 40.0 4.1 - 
Equilibrated Alloy Measured by EPMA 
1-Fe ≈ 30% 67.9 1.2 - 11.4 19.5 
3-Fe + FeMo2B2 - 16.4 20.6 45.0 14.0 2.4 
2-FeMo2B2 ≈ 70% 11.0 32.0 46.5 7.9 1.1 
Arc Lamp Modified Coating SA9-4 
1-FeMo2B2 +  Fe ≈ 49% 58.8 12.5 13.9 7.8 6.8 
2-FeMo2B2 ≈ 50% 21.3 30.3 39.1 7.0 2.1 
Arc Lamp Modified Coating SA9-6 
1-Fe ≈ 38% 68.0 6.9 10.5 7.2 7.0 
2-FeMo2B2 ≈ 62% 15.9 31.7 42.3 8.8 1.3  
 
57 
Table 13.  Phase compositions of alloy SA Q1 and SAQ4.  
Phase Compositions at% 
 Phase 
proportions Fe Mo B Cr 
Arc Lamp Modified Coating SAQ1-8 
1-Fe ≈ 32% 86.4 8.4 2.4 - 
2-FeMo2B2 ≈ 68% 16.8 38.4 44.5 - 
3-Fe+(μ,R,λ)? NA 68.9 25.5 2.8 - 
Arc Lamp Modified Coating SAQ1-9 
1-Fe  ≈ 36% 86.6 9.1 1.8 - 
2-FeMo2B2 ≈ 64% 17.1 37.9 44.6 - 
3-Fe+(μ,R,λ)? NA 65.4 30.5 1.4 - 
Arc Lamp Modified Coating SAQ4-8 
1-Fe  ≈ 43% 89.3 3.8 1.1 4.2 
2-FeMo2B2 ≈ 57% 15.9 33.2 42.9 7.8 
 
Hardness Profiles 
Hardness profiles for SICWC coatings SA6, SA8, and SA9 are shown in Figure 44a-c, 
respectively.  The average hardness of the as-sprayed coatings is shown for coatings SA6, 
SA8, and SA9.  These results were compared to those obtained from SAQ-x coatings, Figure 
44d.  Samples SA6, SA8 and SA9 were all treated with a 120 second preheat at 150A and a 
1000A pulse for 2 seconds.  Samples SAQ1 and SAQ4 were both treated with a 1000A pulse 
for 4 seconds.  Hardness measurements for as-sprayed coatings SAQ1 and SAQ4 could not 
be obtained due to their very porous structures.  Areas large enough to perform the hardness 
indention were not available in these samples.   
 
SA8 and SAQ4 coatings showed significantly higher hardness values while SA6, SA9, and 
SAQ1 all showed similar hardness measurements.  In the observed cases, the average 
hardness of the arc lamp modified coatings was slightly lower than the plasma sprayed 
coating. 
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Figure 44.  Hardness profiles for a.) SA6 b.) SA8, c.) SA9 and d.) SICWC-Q coatings. 
 
4.1.3.2 Performance Evaluation 
Wear Resistance 
Wear results for plasma sprayed coatings and arc lamp modified coatings are shown in 
Figure 45 for pin-on-drum abrasion testing.  Arc lamp modified coatings were treated with 
treatment 6 (Preheat: 150A for 120sec, and Pulse:  1000A for 2sec) for coatings SA6, SA8, 
and SA9 and treatment 8 (Pulse:  1000A; 4sec) for coatings SAQ1 and SAQ4.   
 
A comparison of common Fe-based materials is also presented in Figure 45.  The materials 
used for comparison are:  304-type stainless steel, low-alloy ASTM A514 steel, low-alloy 
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AISI 4340, D2-type tool steel, Cr white cast iron, and AISI 1060 plain carbon steel.  The 
corresponding Vickers hardness measurements are also presented for each of the standards 
and arc lamp modified coatings.  Plasma sprayed coatings were found to have wear rates 
similar to those found by the standard surfaces.  Wear resistance was significantly increased 
in coatings SA8, SAQ1 and SAQ4 after modification of the plasma sprayed coating.  
Coatings SA6 and SA9, however, showed only slight improvements or an actual decrease in 
wear resistance after arc lamp modification of the plasma sprayed coating.  Most arc lamp 
modified coatings showed improvement over the typical Fe-based materials used for 
comparison.  Hardness measurements show slight correlation with wear rate, however, some 
coatings show deviation from the typical trend of high hardness resulting in low wear rate.  
This will be discussed in more detail later in the chapter.   
Pin-on-Drum Wear Results
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Corrosion Resistance 
Salt fog testing was conducted at Caterpillar, Inc.  Corrosion samples were photographed 
every 24 hours for a period of two weeks.  Selected results are shown for plasma sprayed 
samples, SAx-0, and for arc lamp modified samples, SAx-4, 5, and 6.  The results are shown 
in Tables 14 through 16.  These results showed a significant increase in corrosion resistance 
f the arc lamp modified coatings over the plasma sprayed coatings.   
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Table 16.  Coating SA9 corrosion resul a
hours. 
9 0 hours 
9-0 
ts for plasma sprayed and arc l
72 hours 
mp modified at 0, 72 and 240 
240 hours 
   
9-4 
   
9-6 
   
 
The effects of salt fog testing are presented in Figures 46 through 48.  Coating SA9-0, Figure 
46, shows typical corrosion found in the as-sprayed coatings of SA6, SA8 and SA9. 
Corrosion products can be found along connected cracks and “splat” boundaries leading all 
the way to the surface of the substrate.  Corrosion of the substrate was found in all tested as-
spraye
 
d coatings.  Several areas show corrosion product surrounding spherical particles that 
ere not melted in the plasma spray process as the melted areas were selectively corroded 
-6 after corrosion testing is shown in Figure 47.  The lack of connected “splat” 
undaries and porosity resulted in only limited corrosion product on the surface of the 
coating.      
  
w
first. 
 
Coating SA9
bo
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Figure 46.  SA9-0 after 10 days in salt fog testing. 
 
 
Figure 47.  SA9-6 after 10 days in salt fog testing. 
 
An area of SA9-0 after salt fog testing is shown in Figure 48.  It is seen that an area of 
corrosion has spread through the entire coating thickness.  The corrosion product is inferred 
to be iron oxide.  Further, it is believed that the corrosion is a result of a crack through the 
thickness of the coating that enabled NaCl + H O to penetrate through to the substrate 
surface.  Chlorine was detected in the corrosion product but the state is unknown.  
2
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Figure 48.  Iron oxide with detected chlorine in SA9-0 after 10 days in salt fog. 
 
4.2 Discussion 
Microstructural Analysis 
Alloy SA6 was predicted to consist of three phases:  ferrite, FeMo2B2, and the Fe-Cr σ-phase.  
X-ray diffraction and EPMA confirmed the presence of Cr2B in the equilibrated alloy.  As 
shown in Figure 49, this phase forms at around 767oC upon cooling.  It is therefore believed 
to have formed during cooling from the equilibrium heat treatment temperature of 1000oC.    
 
Arc lamp modified coatings did not show the presence of Cr2B by EPMA (Table 10) and 
results from XRD did not resolve that Cr2B was present due to the overlapping of peaks, 
Figure 25.  The presence of Cr2B in the equilibrated structure and not within the arc lamp 
modified coating could be a result of different cooling rates.  Quenching of the equilibrated 
sample was done in water while the sample was enclosed in an evacuated tube.  The self-
quenching of the coating by the substrate and by the air knife (used to cool the quartz plate) 
may ha  lamp 
odified coatings. 
ve suppressed the formation of the new phases at lower temperatures in the arc
m
64 
 
Figure 49.  Predicted equilibrium solidification path for alloy SA6 provided by QuesTek. 
 
The equilibrated SA8 alloy (Figure 26) and the arc lamp modified coatings SA8-5 and SA8-6 
(Figures 35 and 36, respectively) were analyzed by EPMA and XRD.  Both methods showed 
agreement with the equilibrium QuesTek predictions.  The solidification path predicted by 
QuesTek for alloy SA8 is shown in Figure 50.   
Figure 50.  Predicted equilibrium solidification path for alloy SA8 provided by QuesTek. 
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The structure of the arc lamp modified SA8 coating showed very different results compared 
to coatings SA6 and SA9.  Although the structure showed evidence of melting in certain 
areas of the coating and at the interface, several areas remained similar to the structure of the 
plasma sprayed coating.  This was most apparent in coating SA8-5 closest to the substrate, 
Figure 35a.  It is postulated that this difference occurred due to the higher solidus 
temperature, Ts, of the SA8 alloy as shown in the predicted equilibrium solidification path in 
ication.  The higher pulse time used for SA8-6 allowed for 
more thermal transfer and modification through the entire coating thickness.  Utu et al.37 also 
showed a similar result in that a greater depth of penetration could be obtained with slower 
beam passes in the electron beam remelting of HVOF-MCrAlY coatings.  Additionally, the 
measured solidus temperatures of the ferroboron and ferromolybdenum that were used to 
make these coating materials are 1650 and 1611oC, respectively.3  It is likely that these 
phases were not completely dissolved during the plasma spray process resulting in an even 
higher solidus temperature than predicted in some areas by providing only local liquification.   
 
Alloy SA9 showed agreement of both the equilibrated coating and the arc lamp modified 
coating with the QuesTek predictions.  Alloy SA9 was predicted to consist of only two 
phases: austenite and FeMo2B2.  The predicted solidification path for alloy SA9 is shown in 
Figure 51.  The arc lamp modified structure is similar to that of SA6 with a fine mixed 
struct  primary 
eMo2B2 phase precipitated first in SA9, as shown by area 4 in Figure 32.  As solidification 
Figure 50.  (It should be noted that the temperatures presented in Figure 50 are for 
equilibrium conditions and should only be used as a guide in the evaluation of the 
inhomogeneous structure of coating SA8.)  The lower Ts led to a lower volume of liquid 
forming.  Since the arc lamp is a surface heating technique, liquid formed first in the top 
region of the coating.  Melting of the lower coating regions was dependent on thermal 
transfer from the surface.  Since thermal transfer is faster in liquid than in a solid, the smaller 
fraction of liquid led to much less thermal transfer into the lower regions of the coating.  
Lower temperatures at greater depths of the coatings led to a smaller fraction of liquid 
formation and thus less modif
ure of borides in an Fe-rich matrix.  Similar to SA6, it appears that the
F
continued and the austenite phase began to form, a fine mixture of secondary FeMo2B2 and 
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austenite continued to form until solidification was complete, as could be predicted from the 
QuesTek results (Figure 51).   
 
 The arc lamp modified coatings SA6 and SA9 appeared similar, however, coating SA9-4, 
which was modified at a lower pulse power, and SA6-5, which was modified at a shorter 
pulse time, showed a much finer mixture of the secondary borides and Fe-matrix.  The 
primary borides were approximately the same size in both samples, suggesting that each 
sample had sufficient time for coarsening of these primary borides.   The lower pulse power 
and time provided less penetration of the heat into the substrate and therefore allowed for an 
increase in s
 
Figure 51.  Predicted equilibrium solidification path of alloy SA9 provided by QuesTek. 
elf quenching rates and therefore faster cooling rates and less time to coarsen the 
condary phase.  It is inferred that this faster cooling rate resulted in a higher nucleation rate 
 
se
as the austenite became supersaturated at lower temperatures.  This is supported by the phase 
fraction analysis, where the percent of mixed phase increases with lower pulse times and 
powers.    A similar observation was made by Utu et al.37 in their investigation on the effects 
of electron beam intensity and pass velocity on the structure of HVOF-sprayed MCrAlY 
coatings.  It was concluded that faster passes and lower beam intensity resulted in a finer 
microstructure due to a higher quenching effect.    
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Arc lamp modified coating SA8 differed from coatings SA6 and SA9 in the effects of higher 
, voids also appeared within the arc lamp modified coatings and in 
most cases they had partially consolidated and spheroidized.   
 
The evolution of volatile gases (eg., CrO3 and MoO3) during the heating of these coatings is 
also a possible source for the void formation.  By examining a fractured surface of SA6-6 
(Figure 52), hollowed spheres resembling the voids present were observed.  These were 
found to be covered by a chromium-rich oxide, which may have condensed on the sides of 
the pores during cooling.  Some of these spheres were also sheared and a similar film was 
found on their inside.  It is therefore postulated that the voids formed by a combination of 
consolidation of the free space and gases entrapped within the plasma spray coating and the 
formation of gaseous CrO3.  This explains a slight increase in free space in the arc lamp 
modified coatings than the initial plasma sprayed coatings.  The volume fraction of free 
space was approximately 9% in the initial plasma sprayed coatings while the arc lamp 
modified coatings showed ch ace for coatings SA6, SA8, 
nd SA9.  This also explains the slight decrease in voids (~3%) in SAQ1 over SAQ4 since 
pulse power and time.  In coatings SA8-5 and SA8-6, higher pulse time did not result in a 
coarser structure, but rather more melting and finer mixed phases.  Since coating SA8 only 
experienced local liquification during arc lamp modification, higher pulse power or longer 
pulse time resulted in a larger amount of liquid formation.  SA8-6 (Figure 36) was melted 
and refined throughout the entire coating and there was a much larger transition zone 
between the coating and the substrate than in coating SA8-5.  SA8-5 only showed this refined 
melted structure through the top 200-250μm of the coating, Figure 35.  There was little 
modification of the structure below this point and less bonding between the substrate and the 
coating.      
 
The as-deposited plasma sprayed coatings were found to contain several voids due to 
entrapped air and shadowing effects from the plasma spray process, which was done in air.  
The dissolution of oxygen and other gases in the rapidly quenched “splats” could have also 
been a source of entrapped gases, which could have been released during subsequent heating 
by the arc lamp.  Indeed
anges up to a 2% increase in free sp
a
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SAQ1 did not contain any chromium additions and so the pores would only be due to the free 
space and gases already entrapped in the plasma spray coating and not by the formation of 
volatile gases.                 
 
Figure 52.  Fractured surface of SA6-6. 
 
Figure 33 showed a “dense” layer at the surface of the arc lamp modified SA6-6 coating 
here voids were not present.  This layer is only present in small amounts for the SA6-5 
to the lower arc lamp treatment in SA6-5, the 
occurred at a higher rate.  This is similar to the 
beam remelted HVOF coatings.  The voids were 
here solidification occurred sooner due to self 
9, and SAQ4-8 (Figures 41 through 43), these 
pores were also allowed to consolidate more than in the lower pulse times used for all other 
w
coating, which had a lower power treatment.  This layer is also present in SA9-6 but in 
smaller amounts.  Compositional analysis by EPMA confirmed that this layer consisted of 
the phases predicted by QuesTek.  Due to the larger percentage of liquid present at the top of 
the coating just after to the arc lamp treatment, it is postulated that these voids were able to 
escape to the surface of the coating.  Due 
substrate remained cooler and self-quenching 
trends described by Utu et al.37 for electron 
unable to escape from the deeper layers w
quenching effects.   
 
As pulse time was increased, as in SAQ1-8, -
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coatings.  This increased time at the pulse power allowed more time for the pores to migrate 
within the liquid and either consolidate or exhaust out of the surface.  The longer times do, 
owever, provide greater heat transfer to the substrate material which could erase previous 
intermetallic of general composition Fe-28at.%Mo.  The amount
would make it difficult to detect by XRD.  The phase appears to
with Fe making it difficult to determine the 
exact phase present.  The composition 
leads to the conclusion of the µ, R, or λ 
phase, Figure 54, however the composition 
is closest to the λ phase, which is Fe2Mo.  
The phase fraction of FeMo2B2 was low in 
each of the SAQ1 and SAQ4 coatings.  
However, the fine mixed structure between 
the coarse borides may have caused a 
se to 
o undetected due to the low contrast.   
h
heat treatment effects.               
 
Coatings SAQ1 and SAQ4 were designed to contain 80% FeMo2B2 within an austenite 
matrix.  However, analysis of coating SAQ1 concluded the presence of an Fe-Mo 
 present within the sample 
 be in a very fine mixture 
substantial amount of the boride pha
Figure 53.  Predicted equilibrium solidification path 
for alloys SAQ1 and SAQ4. g
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The equilibrium solidus temperatures of alloys SAQ1 and SAQ4 were higher (~1978oC) than 
e other coatings studied.  The equilibrium solidification path for alloys SAQ1 and SAQ4 is 
hown in Figure 53.  In some cases, the borides in these coatings did not melt and actually 
l position from the plasma spray process as a lack of convective 
it becomes apparent that 
the modified structures are 
dependent on the initial 
as-sprayed coating 
structure.   
 
 
In Figure 43 the larger powder particles appear to have experienced less melting and 
homogenization.  While most of the unmelted powders remaining in the arc lamp modified 
coating appear to be within the desired spray range (-106+45 µm), the particles at the upper 
range appear to have not completely melted in either the plasma spray process or the arc 
lamp modification process.  In order to ensure that the coatings are fully modified, it may be 
necessary to reduce the upper limit of sprayed powders to allow for complete m g.        
th
s
stayed in their origina
mixing. This was found in 
both coatings, but is 
shown in SAQ4-8 (Figure 
43).  The plasma spray 
process becomes 
increasingly important as 
Figure 54.  Fe-Mo binary phase diagram.  3
eltin
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Performance Analysis 
racking in brittle coatings can lead to a decrease in coating performance as the coating will 
ot deform in wear applications.  The desired microstructure of coatings SAQ1 and SAQ4 
as to consist of 80% hard boride in a ductile FCC matrix.  The ductile matrix retains the 
toughness needed to prevent crack propagation while the hard borides provide the wear 
resistance.  The hard, brittle borides provide very little resistance to crack propagation, as 
indicated in Figure 55.  However, crack propagation can be arrested by the ductile matrix 
phase.  
C
n
w
 
Figure 55.  Crack propagation in hard boride arrested by ductile matrix phase. 
 
Spheroidization of the voids present in the arc lamp modified coatings is expected to be 
beneficial to wear resistance due to the elimination of sharp boundaries between phases; 
which could act as stress concentration points.  The benign nature of these voids not only 
liminates the potential of stress concentrations, it could also arrest crack propagation, as e
shown in Figure 56.  Thus, these voids could actually be beneficial to wear resistance.    
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Figure 56.  Indent with cracking eliminated at pore boundary. 
 
Hardness measurements through the thickness of the arc lamp modified coatings are 
presented in Figure 44.  Plasma sprayed coatings were found to have slightly higher hardness 
alues than the arc lamp modified coatings.  This is attributed to dissolution of borides and 
 
v
the amorphous structure during the arc lamp modification.  Figure 45 presents a comparison 
of the hardness values found for several Fe-based materials and the arc lamp modified 
coatings.  The hardness of the arc lamp modified coatings were on the scale of, or higher 
than, those found for D2 tool steel, Cr white cast iron, and AISI 1060 plain carbon steel.     
 
In most cases, wear resistance was dramatically increased by the arc lamp treatment.  
Although the hardness measurements were higher than those found for the arc lamp modified 
coatings; the homogenization of the structure, spheroidization of the voids, and an increased 
adherence of the coating to the substrate resulted in much more wear resistant coatings. 
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As may be expected, the 
hardness measurements 
correlated with the wear data.  
The hardest coating, SA8, 
showed the lowest wear rate 
after arc lamp modification.  
One reason for the high hardness 
was that the structure consisted Figure 57.  Chipped SA8-6 coating during cutting.   
of borides.  This resulted in a very hard structure that was also very brittle since there was no 
borides.  It would be expected that 
ey would perform similarly.  However, they did not perform better than their plasma 
a sprayed sample was modified by the arc lamp treatment.      
ductile matrix phase present.  Also, and as discussed previously in this chapter, incomplete 
liquification caused local areas of the coating to not be completely modified by the arc lamp 
treatment due to the local liquification.  Several samples were found to chip or crack during 
preparation methods such as cutting (Figure 57).  Surface opening cracks were also present in 
the SA8-6 arc lamp modified cross-section (Figure 36a).  The wear results showed the lowest 
wear rates, however, the pin-on-disk process concentrates on abrasive wear and not gouging.  
It is postulated that the results of an impact impeller test would show very different results 
due to the chipping of large brittle areas. 
 
Coatings SA6-6 and SA9-6 showed similar wear and hardness results.  Both structures were 
comparable in both phase fraction and coarseness of the 
th
sprayed counterparts.  As particle size decreases, the amount of load that each particle can 
carry reduces and plastic deformation of the matrix is increased.17  Also, the amount of 
matrix that is required to wear away before the borides are pulled out of the structure is less 
than the amount needed for a larger particle.12,17   Thus, fine structures are not ideal for wear 
resistance.  Accordingly, there was only a small increase, or even a decrease, in wear 
resistance after the plasm
 
Coating SAQ4-8 was harder than coating SAQ1-8, however, SAQ1-8 was found to have a 
lower wear rate.  This is the opposite of the trend found with the other coatings.  The 
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microstructures shown in Figures 41 and 43 are very different.  As discussed previously in 
this chapter, SAQ4-8 did not experience complete modification of the structure and several 
borides were clustered in their original positions.  This clustering left a large volume of the 
coating consisting of only a fine mixture of small borides and matrix material, especially at 
the upper layers of the coating (Figure 43).  On the contrary, the more evenly dispersed 
borides in SAQ1-8 (Figure 41) provided wear resistance throughout the entire coating, thus 
ading to the increased wear resistance of SAQ1-8.  The wear resistance was also increased 
tly influenced by the modifications of the coating structure by 
e arc lamp treatment.  Arc lamp treatment of the plasma sprayed structure led to an 
t. 
 
Figure 46 shows a crack leading to corrosion through the depth of the coating.  Several areas 
of spherical particles surrounded by iron oxides were found throughout the coating structure, 
le
by a slightly higher boride proportion in SAQ1-8 over SAQ4-8.   
 
The arc lamp modified coatings experienced a substantial decrease in wear rates compared to 
typical Fe-based materials; with the exception of SA6 and SA9 which was discussed 
previously.  This increase in wear resistance is not only due to the presence of borides and 
high hardness, but is also grea
th
elimination of “splat” boundaries, thus decreasing crack initiation sites; an increased 
dispersion of the borides; and very importantly, the creation of a metallurgical bond between 
the coating material and the substrate.  The creation of the metallurgical bond between the 
substrate and coatings allowed for the hard coating material to more effectively transfer the 
applied load to the tough substrate material.  Without this strong bond, the coating material 
would experience the entire load, leading to early failure. 
 
Corrosion results for the plasma-sprayed coatings and those modified by the arc-lamp 
treatment showed that the latter had a dramatic increase in corrosion resistance.  Even after 
240 hours in the aggressive salt-spray environment, all modified coatings showed only small 
amounts of corrosion, in the form of red-rust, formed on the surface of the coatings.  By 
contrast, the unmodified coatings showed appreciable corrosion after only 72 hours in the 
salt-spray environmen
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especially near surface opening cracks.  The areas that were corroded appeared to be those 
boundaries. 
ts of iron oxide were detected at the surface of the 
fluence of Mo on the corrosion in these coatings, as discussed in chapter 
 
tting and generalized corrosion than areas which consist of higher 
concentrations of these alloying additions.  The existence of interconnected boundaries 
come sites for crevice corrosion where areas 
urther accelerates the 
corrosion process.    
that were melted during the plasma spray process, leaving the unmelted spherical particles 
passivated.  The inhomogeneous structure resulted in areas which were depleted in the 
required alloying additions for passivity.  This resulted in corrosion of selective areas.  This 
corrosion apparently continued along cracks throughout the coating material and open “splat” 
 
The cracks within the plasma sprayed coatings allowed for the corrosion process to even 
reach the substrate material.  Corrosion on the surface of the substrate was found in all of the 
as-sprayed samples.  This is a major concern and would ultimately lead to the spallation of 
the entire coating.  No corrosion products were found past the surface of the arc lamp 
modified coatings.  Only small amoun
modified coatings, Figure 47. 
 
Due to the large in
2.1.2.1, it is assumed that pitting potential in the arc lamp modified coatings would be high. 
Associated with the inhomogeneities of the plasma sprayed coatings are areas lacking in Cr, 
Ni, and Mo, which are needed to confer corrosion resistance.  These areas may be more 
susceptible to pi
between “splats” from the plasma spray process and cracks exacerbates this by allowing 
corrosion products to penetrate deep within the coating and even to the surface of the 
substrate.  These “splat” boundaries can also be
near the tip of the crevice become de-aerated.  This lack of oxygen creates a chemical 
potential gradient allowing for the corrosion process to begin.  As the concentration of H+ 
increases, the pH in the area decreases.  Acidification in the crevice f
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4.3 Conclusions 
• The use of calphad (i.e., by QuesTek in this project) is a viable approach in the 
development of novel coating materials; however, the predictions are based on 
equilibrium assumptions and should only be considered as a guideline to material 
behavior in practice. 
king the arc lamp a very versatile 
e considerable increases in 
wear and corrosion resistance due to the elimination of voids, splat boundaries, 
• Corrosion resistance of plasma sprayed coatings is greatly improved by the 
resent in the coating provided distribution of alloying 
additions which decreased both general corrosion and pitting potential.   
 
• Higher arc lamp pulse power or pulse time provide increased thermal transfer.  The 
resulting increase in substrate temperature leads to a slower self-quench and thus a 
coarser structure.  This also allows for more time for gas voids and porosity to escape 
to the surface before solidification.  Therefore, different arc lamp parameters can 
provide coatings with different microstructures ma
tool for coating modification.   
• Materials with higher solidus temperatures require higher arc lamp pulse power and 
pulse time to provide adequate amounts of liquid to modify the entire depth of the 
coating.    
• Arc lamp modification of plasma spray coatings can provid
homogenization of the structure and adherence of the coating to the substrate 
material.   
• Depending on the application, wear performance can be influenced by several factors 
including: toughness of the matrix phase, distribution of the borides, and size of the 
borides. 
elimination of cracks and “splat” boundaries, which ultimately provide the elements 
needed for the corrosion process a path to susceptible material.  
• Homogenization of the phases p
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